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PREFACE

Soon after its founding in 1952, the Advisory Group for Aerospace Research and Development recognized the
need for a comprehensive publication on flight test techniques and the associated instrumentation. Under the direction
of the AGARD Flight Test Panel (now the Flight Mechanics Panel), a Flight Test Manual was published in the years
1954 to 1956. The Manual was divided into four volumes: 1. Performance, I1. Stability and Control, l11. Instrumentation
Catalog, and IV. Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of sophisticated iechniques. In view : |
of this development the Flight Test Instrumentation Group (now the Flight Test Techniques Group) of the Flight
Mechanics Panel was asked in 1968 to update Volumes 111 and 1V of the Flight Test Manual. Upon the advice of the
Group, the Panel decided that Volume III would not be continued and that Volume IV would be replaced by a series
of separately published munographs on selected subjects of flight test instrumentation: the AGARD Flight Test
Instrumentation Series. The first volume of the Series gives a general introduction to the basic principles of flight test
instrumentation engineering and is composed from contributions by several specialized authors, Each of the other
volumes provides a more detailed treatise by a specialist on 2 selected instrumentation subject. Mr W.D.Mace and
Mr A.Pool were willing to accept the resp.onsibility of editing the Series, and Prof. D.Bosman assisted them in editing the
introductory volume. In 1975 Mr K.C.Sanderson succeeded M.t Mace as an editor. In 1981 Mr R.W.Borek, Sr., replaced i
Mr Sanderson. AGARD was fortunate in finding competent editors and authors willing to contribute their knowledge '
and to spend considerable iitae in the preparation of this Series.

Special thanks and appreciation are extended to Professor T. van Qosterom, The Notherlands. Professor van !
Oosterom chaired the Group from its inception in 1968 until 1976 and established many of the ground rules under I
which the Group still operates. The Group alsc appreciates the efforts of the late Mr N.O.Matthews, UK, who chaired : !
the Group during 1977 and 1978, '

R PR

It is hoped that this Series will satisfy the existing need for specialized documontation in the field of flight test A
instrumentation and as such may promote a better understanding between the flight test engineer and the instrumentation
and data processing specialists, Such understanding is essential for the sfficient design and execution of flight test
programs, l

-—

The efforts of the Group members (J.Moreau and N.Lapchine CEV/ER, H.Bothe DFVLR/GE, J.T.M. van Doorn
and A.Pool NLR/NE, E.J.Norris AAAFE/UK, and R.W.Borek, Sr. NASA/US) and the assistance of the Flight Mechanics
Panel in the preparation of this Series are greatly appreciated. Credit is due to former Group Member Mr K.C.Sanderson,
US, who served as an editor during the preparation of this volume.

F.N.STOLIKER

Member, Flight Mecnanics Panel
Chairman, Flight Test
Techniques Group
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their assistance and for many helpful suggestions which have been incorporated into this volume. They are especially
grateful to Mr Norris (UK), Mr Pool (NL), Mr Sanderson (US), .«ir Stoliker (US) and Mr Wilcock (UK). They also express
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are due to Mrs LObs and Mrs Thumser who carried out the work of typing this volume.
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LIST OF SYMBOLS
a (ws?]
A (8

c (]
¢ [fears)
5

Cep
d

d [a]

d jm

D [rad]
D {rad/s]

0' [rad/s]

06

16

[}

€[]

ERV

f l'l/sz]

t M)

f

F, F(s) [W-m/rad]
F'y F'(s) [Mred)
3

F N

FI

sum of all forces per unit mass, Eqs. (2.1), (2.3) and Fig. 2.3
ared enclosed by 1ight beams fn an optical gyro
cofactor of a matrix, Section 7.4.4.3.1

accelerometer triad in Figs., 7.3.1/7.4.2/7.4.3/7.4.6
analog-to-digital converter

attitude and heading reference system

pivot diameter in SOF gyro gimbal bearing, Fig. 3.2.9
accelerometer error, Chapter 3.7

Coriolis acceleration vector, Chapter 7

a3 x 108, speed of 1ight in vacum

speed of light ic medium, Eq. (3.5.10)

length of the gimbal in SOF gyro, Fig. 3.2.9

viscous damping ratio, Eqs. (3.2.34), (3.3.2), (3.3.11), (5.2.2),
(5.2.10)

matrix to transfurm vector from coordinate frame J into i
circular error probable, Section 7.3.4

drift coefficient of a gyro marked by subscript and superscript, e.g.
dy = unbalance drift due to g-load in direction I, Tables 3.2.1 and 3.2.2

diameter of Vight beam, Eq. (3.5.12)
length of laser tube, £q. (3.5.11)
deviation of the normal, Eq. (2.11)

total gyro drift: if marked with superscript a subset of the total gyro
drift, e.g. DV = drift due to mass unbalance

total gyro drift derived in Section 3.2.2

directional gyroscape

dynamically tuned gyro

eccentricity of the warth's reference ellipsoid, Eq. (2.°)
expected value, Fig. 7.3.8

earth rate unit = 15 %/h

specific force, Eq. (2.3) and Fig. 2.3

frequency

flattening of the earth's reference ellipsoid, Eq. (2.8)
control loop transfer functior, Chapters 3, 4, §
control loop transfer function = FISt. Chapters 3, ¢, 5
systam matrix, qu {7.3.4)

force, Fig. 3.2.9

DTG tigure of merit, Eq.(3.4.35)

four-gimbal platform, Section 5.4

free rotor gyro

form frequency laser gyro, Section 3.5.3.5

gravity, £q. (2.28)
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tise derivative operator, Eq. (3.2.25), Fig. 3.4.7

A
_—
)
S ' !
¢ !
o' [wsd negative specific force, £q. (2.3) :
G, G(s) [rad/N-w} .3.;5;?'8?42?“1“ in the platform enviromment, Eqs. (3.3.12),
1 " G', 6'(s) {ud/N-n] gr:.:;;nmr functton in the strapdown environment, Eqs. (3.3.15),
; G", G"(s) (rad/N-a] TOF gyro transfer function without demping, Eqs. (3.4.5), (5.1.3)
i 6 s gravitation, Eq. (2.3)
‘ ] driving function matrix, £q. (7.3.4)
h hour
h altitude above earth's reference ellipsoid, Fig, 2.1b
H [N-m-s] angular momentum, Eqs. (2.38), (2.41), (3.¢.4) to (3.2.6)
| N [Gauss] magnetic field intensity, Section 3.5.4
\ i1 [A] current
A ‘ ' 1 [kg-iz] woment of inertia of gyro rotor about spin axis
b ) unity matrix, €q. (3.2.10)
i j i skew symmetric unity matrix, Eq. (3.2.10)
INS inertial mavigation system
xl Iw inertial weasurement unit
: J [kg-nz] moment of inertis
J [rg-n?] moment of inertis tensor, Eq. (2.39)
K [w/N) structural compliance in a mechanical gyro, Eq. (3.2.30)
K {N-m/rad| torsiona) spring coefficient, Eqs. (2.7.34), (3.3.2), (3.4.32)
K {N-m/rad] servo 100p gain, Chapters 5, 6
K dummy integer, Eq. (7.3.28)
L [m] length of light beams, perimeter of optical gyro, Section 3.5
8 [m] apparent difference in the length of the optical path in & RLG,
Section 3.5.2.2
' LS8 least significant bit, Chapter &
w [kg] wass, Chapter 3
! » dummy integer, Chapter 4
N |[N-m| torque, Eqs. (2.37), (3.2.1), (5.3.2)
3 . NTBF [h] wean time between failure
n [rad/s] spin rate of gyro rotor, Chapters 3 and §
n refraction index, Section 3.5
n integer, number of bits, Chapter 4
8 N rumber of pulses of a RLG, Eq. (3.5.8)
! N (m, o%) 3:;2:"7‘“"‘“““ with mean value » and standard deviation o,
l . N (q) norw of quateraion, Eq. (7.4.34)
T NIS north indicating system, Chapter 7
: 06 optical gyro, Section 3.5
ORS optical rete semsor, Section 3.§




o(x)

& [ya5)

RIG

S

s [red/s)

S [red/srv)
s* [aym-cnn)
sT [radss/a)
¥ [radssyv)
S [w)

s

ar[s]
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Srobabfifty density, Fig. 7.3.8

covariance matrix, £q. (7.3.10)

platform, Fig. 2.3.1

voltage pulse, Chapter 4

pulse rebalance Yoop, Chapter 4

quaternion, £q. (7.4.33)

Quaternion matrix, Eq. {7.4.38)

mrtrix of uncorrelsted noise, Eq. (7.3.30)

electric charge, Chapter 4

semiminor axis of the earth’s reference e)lipsoid, €q. (2.7)
distance detween center of Suphort and center of gravity, £q. (3.2.23)
radius of Vight bean, £q. (3.5.1)

aplitude of backscattered Tight with respect to incident light of o
wirror, Eq. {3.5.12)

radius vector from origin 0 of inertia} coordinate frame to paint P of
Bedturement, £q. (2.1)

samimajor axis of the earth's reference ¢1lipsotd set *«Qusl to the ra-
dius of spherical earth, ks, (2.6), (7.3.1)

System reliadility, Fig. 7.4.9
»asuring nsisunc;. Chapters 3, ¢

radii of curvature of aQarth's reference 1) ipsoid, Eqs. {2.13), {2.14)
rate intagrating gyro

ring laser gyro

second

Laplace variable

gyro scale factor, gqs, (3.2.43), (4.2.20)
torquer scale factor

torquer scale factor {» s‘/»)

scale factor of rete gyro

distance flown, Chapter 7

$igna) generstor, Fig. 7.3.)

single axis platform, Section 5.2.1

Farvo motor, Fig, 2.3.1
single-degree-of-f:2edom

ting

period

tise constant, Chapter §

pulse length, Chapter ¢

temperature, Section 3.5.4

sampling time, Chaptar 4

Schuler period, £q. (7.3.))

:?’. difference batwaen twy light baams travelling through optical
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temperature gradient, Section 1.5.4
NTBF of a sensor, Fig. 7.4.9
two-degree-of -freedon

three-gimbal platform, Section 5.

tensor output voltage

control vector, Eq. (7.3.4)

velocity components with respect to ground, £q. (2.26)
total velocity vector with respect to ground, Eq. (2.26)
voltage-to-frequency converter

white noise, Fig. 7.6.3

axer of coordinate freme

state variable, Chapter 7

seasurement variadle, Chapter 7

relative shift of fringe pattern of two interfering 1ight besms in an 0G

ggnst;n; :'ullmt angle of gyro axes with respect to reference axes,
9. 3.2,

angle between coordinate systems, Eq. (7.3.3)
wander angle, Fig. '.4.1

angle to describe quaternion, Fig. 7.4.10

coning motion amplitude, £q. (7.4.48)

coning motion amplitude, Eq. (7.4.48)

angle to describe quaternion, Fig. 7.4.10

platform rotation angle of Delco system, rig. 7.4.3

nisalignment angle betwaen torquer axes and reference axes, Fig. 3.2.5
angle between rotor reference axis ad magnetic field vector, Chapter 3
angle between gravitation vector G and gravity vector g, Fig. 2.1

angle to descride quaternion, Fig. 7.4.10

angle to dascribe quaternion, Fig. 7.4.10

sign to descridbe an error, e.g. &V = velocity error
sign to descridbe a difference, ¢.9. AS = distance from starling point

error angle, misaligment of platform or smm system with respect
to mvioui:ml frane Or integrel gyro drif pac

damping constant, £q. (3.2.38), (3.4.8)
deflection of the vertical about north-south axis, Fig. 2.4 amd Eq.

(2.33)

gyro pickoff angle, Chapter 3, 4, Fig. 3.2.3
pitch angle, Chaptors 6, 7, 8, 9

rotation of polarization plane of light beam, Eq. (3.5.14)
relative scale factor error = 85/S, Eq. (3.2.46)
sigenvalue of unstable vertical chanmel, Eq. (7.3.38)
geographic longitude
wavelength of Vight
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m iy
| A [rad celestial Tongitude = A + at, Eq. (2.23b)
u [rad; position angle in pseudo pole coordinate frame, Fig. 7.4.4
u friction coafficient, Chapter J
,‘ v [red/s) frequency of 1ight, Eq. (3.5.7)
‘: § (rad] g:fl:gf;?g)of the vertical about east-west axis, Fig. 2.4 and
‘ . sultiplication mode, Fig. 3.3.2, 3.3.5
‘i [+ correlation factor, Fig. 7.3.9 “
{ o standard deviation "
‘ ] [nd’j position angle in pseudo pole coordinate frame, Fig. 7.4.4
i ~ t (s integration time .'
1 s 1ife time, Fig. 7.4.9 ;
' T {s] time constant, Eq. (7.4.4) :
B T |s) time constant due to fluid mass coupling, Eq. (3.3.7)
. ¢ [rad] geographic latitude, Fig. 2.1 :
z ¥, (red] geocentric latitude, Fig. 2.1 '
b ¢ [rad| phase shift, Eq. (3.5.3) and (7.4.46)
¢ [rad] roll angle {
4 {rad] angular displacement of gyro with respect to inertial space, Eq. (3.4.6) ' i
a ¢ l’[lw: sec] pulse weight, Chapter 4 s
: ¢ [ed] attitude angle vector, Eq. (5.1.1) ‘
) Y transition matrix, £q. (7 3.5) y
x [rad) total out-of-aligment angle betwsen gyro frame and reference frame, )
Figs. 3.2.3, 3.2.4 and Eq. (3.2.12) .
. N matrix in quaternion computation, Eq. (7.4.40)
a v [raq] yov amgle
bEs w [rad/s) angular rate 3
'; i & [rads] natural frequency, Eq. (3.2.35) §
; % o [reass) mutation frequency, £q. (3.4.8) i
Wb [redss) Schuler frequency, £q. (7.3.1)
g, a [rad/s] coning motion fraqueacy, Fig. 7.4.11 i
a [red/s) magnitude of earth rete, Eq. (2.21) '\
a* [redss] . 0+ {72, €. (7.2.5) , ;‘
e w x matrix, Eqs. (3.2.9), (7.4.12) i

Subscripts indicate the reference coordinate frome, axes orientation and directions

. wander azimuth coordinate frame, Fig. 7.4.1 byt
b body, Section 7.4.4.1 ; i
c relatad to center of the earth }
] down axis in navigationa! coordimate freme, Fig. 2.1

¢ earth-fixed coordinate frame, Fig. 2.}
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E east axis in navigational coordinate frame, Fig. 2.1

9 gyro coordinate frame, Fig. 3.2.1

h horizontal, Fig. 7.4.3

1 inertial coordinate frame, Fig. 2.1

i dummy subscript, Table 3.2.2

I input axis, Fig. 3.2.1

J dummy subscript, Table 3.2.2

m derivation of magnetic field, Eq. (3.2.3)

m . pseudo pole coordinate frame, Fig. 7.4.4

n navigational coordinate frame, Fig. 2.1

N north axis in navigaticnal coordinate frame, Fig. 2.1

0 output axis, Fig. 3.2.1

4 platform, Chapter §

r gyro case reference coordinate frame, Fig. 3.2.4
rotor-fixed coordinate frame, Eq. (3.2.3)

S spin axis, Fig. 3.2.1

t . ) torque generator coordinate frame, Fig. 3.2.5

v vertical, Fig. 7.4.3

XY directions of coordinate frame axes

Superscripts

one superscript is used for physical criteria

a accelerometer, Section 7.6

a anisoelasticity, £q. (3.2.31)

a asymmetry error of scale factor, Eq. (3.2.46)
a : dumay superscript in Eq. (3.5.16)

b dummy superscript in Eq. (3.5.16)

c dummy superscript in Eq. (3.5.16)

c constant value; Eq. (3.2.46)

(2]

cross coupling: Table 3.2.1b
Doppler, Chapter 3

dither, Section 3.5.4

fixed value, Sections 3.2 and 3.5.4
friction, Eq. (3.2.37)

Faradsy, Section 3.5

gyro, Chapters 3.7

hunting, Eq. (3.2.33)

magnetic field coefficient, Section 3.5.4
dummy superscript

input, Eq. (3.4.2)

anisoinertia, Table 3.2.10

k dummy superscript

T X O M - = D o
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1 linearity error of scale factor, Eq. (3.4 2) : : .1
L lock-in rate, Section 3.5 E {
m . naximum, Chapter 4 i '
2 ] magnetic field vector, Eq. (3.2.4)
it m misaligment, Tables 3.2.1a, 3.2.28
n ncnlinearity error of scale factor, Eq. (3.4.2) 7
l n nutation, Chapters 3, 5
; P pulse, Chapter 4 §
; *
p pseudo coning, Tables 3.2.1b, 3.2.2b %
;}' .i P platform, Chapters §, 7 g
r restraint torque, Eq. (3.2.21) »
r rotor, £q. (3.2.4)
+ r readout, Chapter 4 é
™ random walk, Section 3.5.4
5 scale factor, Tables 3.2.1a, 3.2.2a %
s spin, Eq. (3.2.5a) ?f
s spring rate coupling, Eq. (3.2.39) ‘
s Schuler, Chapter 7 ? '
s sampling, Chapter 4 L
st saw tooth, Chapter 4 '. ‘:
s servo 1oop, Chapter 5 i | co i
t command torque and command rate, Eq. (3.2.19) i ! '
T total angular momentum of a gyro, Eqs. {3.2.1) and (3.2.6) ! t
T transpose of a matrix
T temperature coefficient, Section 3.5.4 '
at temperature gradient coefficient, Section 3.5.4 :
T table, Section 3.5.4
u unbalance, Section 3.2.2.1 f
two superscripts with vectors indicate the direction of motion, e.g. :
9:‘" = angular rate vector of the navigational coordinate frame with respect '
to the inertial coordinate frame, measured in the navigational coordi- i ;
Those ‘of the coardinate. frames, 85 darined above upder ~Suberipst | ]
Other symbols I ) ;
%-f“ time derivative with respect to inertial frame
~ variable 1in the Laplace domain . ! :
- mean value ‘ ; - ;
“x computed value T :
_ vector
watrix
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This AGARCograph is the 15th of the AGARD Flight Test Instrumentation Series and discusses the use of b3
. gyroscooic instruments to support flight testing. Gyroscopic instruments are used in flight tests to mea- 4

. sure the aircraft angular accelerations and rates, attitude and heading and - in combination with accelero- :
‘ meters - the linear acceleration, the ground velocity and the position. This volume describes th2 wmeasuring y
! principles, the technical lay-out and the error behaviour of the sensors and systems used for these measu- )
. rements: Gyros, accelerometers, attitude and heading references and inertial navigation systems. Attention S
. is also given to 1nte?rated and hybrid sensor systems, as they are in use in modern instrumentation systems.
1 Examples of actual flight instrumentation systems are described and the requirements for the gyroscopic !
|

sensors in these systems are discussed for applications in aircraft stability and control flight tests, in
performance tests and in airborne and ground systems calibration and testing.

This AGARDograph has been sponsored by the F1ight Mechanics Panel of AGARD.
1. INTRODUCTION

During the last decade the requirements for the instrumentation used for flight testing of aircraft
have become more stringent for a number of reasons. First, the aircraft to be flight-tested - especially
the new generation of high performance air-to-air combat aircraft - and their avionics system have become
L . ) more complex with respect to flying qualities and performance. Second, flight test techniques have been

ﬁ N developed to identify aircraft parameters in dynamic flight conditions in order to reduce flight time - in

FORae: O I

contrast to the steady state fli?ht test procedures employed before. Finally, new mathematical tools have
been developed to evaluate the flight test results - like Xalman filtering, system identification, etc.

Using these tools more information about the aircraft parameters and their derivatives can be extracted E
from the flight test data if these data are sufficiently accurate, well synchronized and contain all re- 3
quired frequencies. : ; }

\ These factors make the design of an instrumentation system a complex task. In Volume 1 of this AGARDo-

. gnph [1.1] the basic principles of fli?ht test instrumentation engineering have been described in detail.
or the ?,yroscopic instruments which will be discussed in the present Volume, we have to concentrate on
the specific problems of these transducers, their measurement principles, range and frequency response and
accuracy. Gyroscopic instruments are used for measuring

- an?uhr rates; in an aircraft referenced coordinate system (turn rate instrumentation, sensors in
flight control loops, flight test transducers)

- angles; in an earth referenced coordinate system (attitude angles, roll and pitch; yaw angle or head-
ing). The gyros are used to store, physically, a refarence frame as in artificial horizons, in atti- :
tude and heading reference systems or in inerticl platform systems. |

@
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For angular rate measurement, the gyro is mounted on the aircraft frame and the sensing element - the '
gyro rotor - is subject to the full linear motion and to the angular motion to be measured. The torque re-
quired to slave the rotor to the vehicle's angular motion s a direct measure of this motion and is con- ! .
verted into the output smnl. For angle measurement, use is made of the physics of a gyro with rotational
freedom about all axes. direction of 1ts rotor axis stays fixed with respect to the fixed stars, unless
a torque is applied to one of its transverse axes. The rotational freedom is achieved by mounting the gyro
in a set of gimbals with low frictfon bearings or stabilization control loops. In this way the sensing ele- -
ment s isolated from the angular motion of the vehicle and subject only to its linear wotion. Thus, the '
storage of a reference frame, e.g. north, east and vertical, is realized, which is a prerequisite for
carrying out angular measurements as with vertical or directional s, or for measuring angular motion
and linear acceleration with the gyro stabilized platforms of inertial navigation systems.

The development of very accurate rate sensors with digital readout g:t-s and of fast digital computers
has made it possible to computs the reference frame by integration of angular rates. These “stra -
systems combine both measuring functions discussed above by providing the angular rates as well as the at-
titude and heading angles with high accuracy.

An important factor influencing the selection of the gyroscopic instruments for flight testing is the
frequency spectrum of the angular rates and angles to be measured. Roughly speaking, in flight testing one
my distinguish three frequency ranges:

- High frequency umr(up to 100 Hz). This range is of interest mainly in asro-elasticity, structural,

e ———

vibration and flu studies.
- M::I. frequency range (up to 10 Hz). Main interest is in aircraft performance, stability and control
problems.
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- Low frequency range (below 1 Hz). Main interest is in avionics and navigation system testing.

In the high frequency range angular and linear accelerometers and strain gages are ?onenlly used. These
will be covered only partialiy in this volume. Gyrosco?ic instrumentation is used mainly for medium and low
frequency applications. In sircraft performance, stability and control flight tests the angular rates, the
attitude and heading angles and the linear accelerations in the medium frequency range are of interest. For
the flight testing of avionics and navigation systems, the attitude and heading angles, the ground velocity
and the aircraft trajectory have to be measured accurately.

The contents of this volume are presented in the following order: In the second chapter the basic prin-
ciples, problims and limitations of inertial measurements (angular and linear measurements) are discussed.
Ir the third chapter the measurement principles, technical lay-out and performance of the inertial sensors
are discussed (mechanical and laser %ros and acceleometers). The accelerometers are discussed only brief-
1y because a Separate volume of this AGARDograph [1.2] is entirely devoted to these sensors. In the fourth
chapter special attention i aiven to the problem of accurate digital readout of inertial sensors. In the
fifth chapter the principles ..nd problems of the use of gyros for platform stabilization are discussed.
The sixth chapter describes attitude and heading reference systems and the seventh chapter inertial plat-
form and strapdown systems. In the eighth chapter the principles and technical lay-out of hybrid systems
are discussed. These systems have the highest potential for accuracy, but complicated software has to be
designed to obtain full benefit of this potential. Finally, in the ninth chapter a survey of the spectra
of applications of gyroscopic instruments to aircraft flight testing is given, with several examples of
modern systems and a discussion of future trends.

The information contained in the present volume has been arranged so that the reader is faymiliarized

w;th the principles, technical realization and performance of gyroscopic instruments of different accuracy
classes:

Low accuracy tronsducers (Chapters 3 and 6)

~ Spring restrained gyros and accelerometers with accuracies of about 1 X of full scale.
- Unaided vertical and directional gyros with accuracies of several degrees.

Medium accuracy traasducers (Chapters 3 and 6)

- Gyros and acceleroweters with electronic caging loops and accuracies of about 0.1 % of full scale.

- Velocity aided vertical gyro, gyroscopic compass systems, attitude and heading reference systems with
accuracies of 0.5 to 1 degree.

High accuracy systems (Chapters 4, 7 and 8)

- Inertia) platform and strapdown systems providing attitude angles within 0.1 degree, heading within
0.2 to 0.5 degrees, angular rates better than 0.1 % of full scale (strapdown systems), ground velo-

city within 3 m/s, position within 1 to 3 km per hour of flight time and acceleration better than
0.1 % of full scale.

~ Hybrid reference systems with higher accuracies than those of inertial platform and strapdown systems,
depending on the accuracy of the seusors used to aid the INS (see Chapter 8).

Conventions] instrumentation systems for parformance, stability and control flight tests in most cases
use three accelerometers, three rate gyros and a vertical and a directional of low accuracy (1 ¥ of
full scale for rate and acceleration, and a few degrees of error for the angle measuraments). Modern in-
strumentation systems make use of medium to high accuracy inertial transducers and inertial platforms are
coming into genera] use, espacially for the performancc testing of high performance aircraft in dynamic
flight conditions [1.3 and 1.4]. For the flight testing of modern avionics and navigation systems hybrid,
integrated systems are required in order to achieve the required high accuracy of the reference system,
For angular rate measurement in these systems either rate gyros have to be used, or the platform angles
have o be differentiated. The former method is preferred, because 1t is more precise. With the introduc-
tion and successful application of strapdown systems, the complete information can be obtained from one
single source: the accelerations, angular rates, the angles, the ground velocity and position. For high
precision flight testing under dynamic conditions, the strapdown system will be the ideal gyroscopic in-
strumentation system. For covering the medium and low frequency range external measurements of velocity
and position must be made to aid the strapdown systems.

References for Chapter 1

{1.1] A. Pool and D. Bosman, Ed. Basic Princialn of Flight Test Instrumentation Engineering.
AGARDograph No. 160, Yolume 1, 1974,

[1.2] 1. Mclaren Open and Closed Loop Accelerumetars.
AGARDograph No. 160, Volume 6, 1974,

[1.3] James N. Olhausen The Use of a Navigation Platform for Performance Instrumenta-

tion on the YF-16 Flight Test Prograe.
ALAA Asrospace Meeting, Pasadena, California, January 1975.

1.4] E.G. Hoffwann Aero Navigation Systems Flight Testing for Compliance with
1.4 Atrworthises: h:ﬁatim. ™
Seventh Annual fum of the Society of Flight Test Engi-
neers, Anjust 1976,
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2. PRINCIPLES AND PROBLEMS OF INERTIAL MEASUREMENTS

Newton's laws of classical mechanics are the basis for measuring the two states of motion of a rigid
body, the translational motion and the rotational motion.

) \
- !
i We shall derive in this chapter the formulas to evaluate the output of accelerometers and gyros measuring {
the transla*iona) and rotational motions. Accuracy limitations will be presented. s ;
% w
d i 2.1 Measurement of Translational Motion ; :
! The translational motion of the rigid body's center of gravity caused by the forces acting on the body £
) ) is described by Newton's second lTaw ¥
x ¢ & | (2.1) ;
A am . .
=Twl
: is the applied force per unit mass including the gravitational forces if the body is within
the gravity field of another body (earth, sun, moon), and .
E 2 ¢
| b d® R
e —y |{ 13 the seconu time derivative of the radius vector R from the origin of the inertial coordi-
dt nate frame i to the point of measurement P.

Assuming initially the origin of the i-frame to be located on one of the fixed stars, R to be the distan-
ce from there to the earth's center of gravity and a to be the sum of the gravitational forces of all cele-
o ' stial bodies on the earth's center of gravity, we iumediately see that Eq. (2.1‘ is satisfied for the mo-
| tion of this point around the sun. ke muy therefore relocate the origin of the i-frame into this point (s.
[ (2.1, Section 3.4), which is more appropriate to describe the motion of a body with respect to the earth.

- R miisb;hon the radfus vector from the earth's center of gravity to the point P of measurement (s. Figs. 2.1a

2 . %

As a matter of definition the axes of the i-frame must be non-rotating, for which the direction to the ‘

) g fixed stars serve as a reference. Their relative motion causes an angular rate error of only g t
. <3:1079 9/h, [2.2]. We assume fnitially that the axes of the i-frame are oriented with x pointing north, -
parallel to the instantaneous spin axis of the earth and with y and z orthogonal to x as sl in Fig. 2.1a. :

N This axis orientation is in error by the following effects. i

PP

73 2 e

) : The earth itself has to be regarded as a big gyro with a pear-shaped body. gravity field of the sun 3
a e moon are exerting torques upon this gyro causing a precession (<1.6-107® 9/h) and a nutation
f‘ " (<10~7 €)h) of the instantaneous spin axis as shown in Fig. 2.2a (s. {2.2] and [2.3], Chapter 4). |

Furthermore the earth is not a solid body but 1ts mass distribution is affected by metecrological, geo- x
physical and biological processes (rain, winds, oc_zln. currents, vegetation growth) which cause the insta- E:
neous spin rate to vary irregulary with time (<10°% O/h), Tidal friction of the sea and viscous damping 3
between the earth's core and mantle cause it to decrease slightly (0.0016 s per 100 years), [2.2].

The effects just mentioned also cause the instantansous spin axis, i.e.,the direction of tru- north, to
migrate with respect to the earth crust as shown in Fig. 2.2b. If the i-frame is orfented with its x-axis i
parsllel to geographic north (msan direction of the earth spin axis in the year 1903), which is more con- 3
venient than the instantaneous spin axis, and with its y- and z-axes in the equatorial plane, the angular 1
difference between the x-axis and the instantaneous spin axis gives rise to angular rate measurement errors :
(introduced by a small component of the earth's rotation rate) of: 4

<5105 (2.2) ‘

L R

Accelerometers are instruments measuring the accelerations of a rigid body (e.g. an airplane) in the
directions of their sensitive axes. Their output signal {n three o 1 directions is a vector f pro- .
rtional to the force necessary to balance proof mass of the accelercmeter (3. Fig. 2.3 and Section b

{

.6).

Ne call f'the specific forze" in the following. The sum 3 of 211 forces per unit mass acting on the
proof mass Ts:

a=f+g (2.3)
where G represents the y‘avitation of the earth including the effects of other crlestial bodies (sun, woon)

changing with their relative itions to the point P of measurement. These effects near the surface of the
earth amount to only (s. [2.1], Chapter & and [2.2]),

6=10"4¢ (2.4) ‘

. J and are negligible in general. So we have with Eqs. (2.1) and (2.3):
-

- 2

L ar

* ;\*( . L e lg - 8 » -g', where wa fintroduce ¢' only for convenience in the' sequence. (2.5)

” ¥

4& -

We shall now derive the relationship between the time derivatives of the redfus vector R with respact to
the inertial frame { and with respect to the coordinite frame in which the measurement is carried out. Let
us assume this to be the navigational coordinate frame n with its X, y and z-axes pointing north, east and
down as shown in Fig. 2.1a. :
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The direction “down" s defined as buing normal to (ae W. which 13 the bett mathom-
?u}‘uwczai‘ut::l‘? the pear-shaped 9eoid - the aarth's (] 1al surfece at meen 300 level
s. Figs. 2.1c @ .

It 13 inclined by the geographic latitude \p with respect to the equaterial plane. A fow paremsters
have to be defined for the referance olumtg

- the c.inior axis n Fig. 2.1b
Re§,378,100 0 ™ ¢ )

= the samiminor axis in Fig. 2.1
raR(l1-17 ® 9 )

(2.6)
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Fig. 2.3 Forces and Output Signal in an Accelerometer

) - the flattaning of the ellipsaid
f = (R-r)/r = 17298.247 (2.8)
- the numerical eccentricity e .
leez-1 (2.9)
X - the geocentric latitude
. 2
v * tan”! (G tane) (2.10)
- the deviation of the norms] (h = altitude above the reference ellipsoid, s. Fig. 2.1b)
Dr9-9, ~f(l-NR)sin2e (smller than 11.6 arc min) (2.11)

- tha geocentric radius

' 2
h ; R --‘(B‘-.;-'l,—-m “ /(1 - )(1 + § cos?e) (2.12)

1-2" cos w.g)
- the meridian radius of curvature

2
- Ri-s “Rj1+ @ (3 sinde -1 (2.13)
gy M e -l
- the trensverse radius of curvttun

- - 2 . 2.14
Re m R[l0 ot sinde] (2.4)

- the mean redius of curvature

R = (R ":’m (2.15)

- the radius of curvature in direction ¥ with respect to north
‘lr . cos? sin

-+ e v o e

T IRED

+

. (2.16)
A
The figures quoted were taid down by the Intermational Union for :1 ics at its Genersl
Meeting in l.ucom in 1967 and are part of the Geodetic Reference System 137 [2.

Now we have defined the coordinate fremes 1 snd n and way derive the relationships for the velocities
and accelerations within these frames:
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The rate of change of the radius vector R (s. Fig. 2.1b) in the ipertial freme and the navigational
frm is connected through the theoram of Coriolis t!.l. Appendix Mr i
‘|, . ‘| LYY (2.17)
This is the total velocity of the point P of measurement with respect to the origin O of the {-frame,
1.e. the aarth's center of gravity. Its acceleration with respect to this paint s given by
62! ‘25 !n
;t?"d—t!n n—l Il*tﬂ la| QU g l). (2.18)
with vertical, horizontal, Coriolis, centrifugal accelerations.
Tie total angular rate »'™ i3 the sum of earth rate and transport rate:
RLIAIIN ", (2.19)
where in the n-frame the sarth rate is given by:
colv
ut.g (2.20)
-sinv
with the magnitude
\[ Fad rad
o lel gy 3
- 7.202 115 - 1075 08
= 15.041 067 Bre.sec (2.21)
The transport rate 5.‘" and the total angular rate 55‘:‘ of a vehicle are in the n-frame:
9 cow Vg/ (Re+h) {a+d)cose Acose
[ “Vy/ (Ry#h) vl |4 [ o~ ] . (2.22a,b)
X sine [th(l‘ﬂl)] tane ~(ask)simg) | -Rsing
with the rvito of change of geographic longitude A, of celestial longitude A and of latitudew given by:
e .
ke wHhjeesw ReaeX (2.23,0)
¥,
¢ . T'n_*%_ . (2.24)

It should be pointed out that in these equations l‘ are not the components of the radius vector R but
the radii of curvature of the ellipsoid (s. Eqs. (2. is and (2.14)).

The relationships for the acceleration (2.18) simplifies considerebly if we introduce the velocity of
the point P of measurement with respect to the surface of the reference ellipsoid:

aR
Ttle "'at|n*" x R (2.25)
which, oxpnsud in n-frame coonliuus. is:
(Rgem) ¥
Yo " ': asm) Xcow (2.26)

The nwlting acceleration of P is:
—,I sy e (2 e u®™) xy el @it a). (2.27)

The last term on the right side is compounded with the gravitation € in Eq. (2.5) to give the gravity g
as shown in Fig. 2.1b:
.f-sin 2¢ ]

g8 x @t -e- 5 [ 0
1 + cos 2V,

(2.23)
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So wa obtain for the specific force vector f necessary to balance the proof mass of accelerometers on a
wmoving vehicle:

e @™ ay-g (2.29)
which 3 valid for any reference coordinate frame r when the subscript or superscript n is replaced by r.

| Tl‘n cngb;c Y, by which the gravitation § is inclined about the east axis with respect to the gravity g.
s given by:

e !ll'_ sin 29 » -g (smaller than § arc min). (2.30)
The maximum difference in magnitude between gravitation and gravity is at the equator:
1S - gl= -',‘-— (lLecos29) <3 108 . (2.11)

Gravity changes with position, not only because of the centritugal acceleration, but also because graviti-
tion tself is a function of longitude and latitude due to the inhomogeneous mass distribution of the geold.

Its absolute measurement i3 only practicable in few places, since it requires much expense. [ts rela-
tive measurement is easy to achieve on land by means of gravimeters, but again difficult on ses which co-
vers 2/3 of the globe. Satellite cbservations frew: drfferent places on the globe have opened additional
means of defining gravitation, but the results are more or less integrated over a certain ares.

A survey of methods and problams to describe gravitation G mathematically as a function of latitude and
l:n?itm is given in [ 2.6, Chupter 4 . It is shown here that it is possible to assume G a3 a function
°

atitude onlg. 1f one neglects terns of the order of 10-5 g. The results of satellite Gbservations are
suwmarized in [2.4].

Out of the jarameters laid down in the Geodetic Reference System the following formilas are derivable
for the magnitude of gravity at sea level (h = 0) and its gradient:

g(o) = 978.0318 (1 - 5.3024 - 1072 sin?® - 5.9 - 1078 sin? 2¢) Gal (2.32)
99{0) . .9.308 77 (i - 1.39 . 107 s1n%) al/m , (2.33)
+are, in honor of Galileo

161 =1 cowsd, (2.34)

Gravity g is commonly oriented “down" in the navigational coordinate frame, i.e. parallel to the normal of
the reference ¢llipsoid. The “"deflection of the vertical" due to the inhomogeneous mass distridution is com-

prised in the anyles n about the north and £ about the east axes so that
g 9 = 1, ‘ (2.35)

fer which Fig. 2.4 shows some results of satellite observations [2.4]. The deflection of the vertical de-
:;'nus with aicTtude unt.Y at 10 000 km it reaches aporoximately half of tho wmaximal values shown in this
wre. .
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10 Im exact knowledge of the magnitude of ¢ Nﬂk{ 9 becomes essential for testing accelerometers below
=9 9.

For the purpose of flight testing and of

- the lmrtlll navigition in the altitude chanmel, f.e.,the computation of nrﬁul vﬂoci\y and alti-
tude solely from the vertical scceleration, 1s umubi and has to ded by extermal alti-
tude measurements (e.g.,barometric altimeter, s. Secmm 2.1 and 2.8, l). ﬂm lowering the require-
ments for the acceleration medsuremewt ascuracy,

- %ho g:: m;n ;n the horizontal channels does not depend on the computation of the magnitude of ¢
s. on 7.2

Therefore it {s often suffictent to assume
(N} = glo)/(1 + wm?

1al navigation it is of lower significence, since

(2.36)
with g(0) derived from Eq. (2.32).
For high accuracy horizonts! imrtin mavigation as in marine a liation act know) of t| -
flection 3? the vertical does become important. This statement s : bt{' f: & certain fense: or“

the mea

t of the dnflection of the vertical inertial l\lﬂ’lﬂﬂl mt-s do become increasingly im-
portant i

2.2 Neasurament of Rotationai Motion

Newton's second law tied to descridbe the rotational motion of a rigid body, results in the formula
(2.1, Chapters 3.5 and’ "T ! )

L ﬁli ' (2.37)
where M is the torque vector applied to the rigid body and H is the anguler momentum vector, computed from
H=gu'® (2.38)

The symmetrical “inertia tensor® | is composed of three “moments of inertia J“' and three “products of
inertia JiJ (‘ = Xy Y2 and J - l;.V.l)

Jpx ey Y
el b T R L

J
They are computed from integrals over the whole volume of the body (Jesignated as !) according to:

(2.39)

.t 4 J
yt 2z

A3 [P edd) m

xx v

a”-£(xu2)¢- al-g(x + %) dn

Yy -{ xy dn I * -{ yz da dep * -{ xz dm. (2.40 a-f)
For a certain orientation of the x, y and z-axes the products of inertia vanish to give
5, '
He Yy u,"’ . (2.4)
Jl ulib \

Thase axes are called "principal axes® and the 4y the “principal moments of inertia®.

the theorem of Coriolis (2.1, Apgndix M] to Newton's rotational lew for a rigid body (2.37)

vln n any rotating reference coordi

(2.42)

In a gyro the r~freme is case-fixed, for instance, and the angular momentum is constant with respect to
the case, 30 we may approximate this equation by:

n.uir

dR
5-,;I,og"xn-

(2.43)
T of the case with respect to the inertial

x H,

showing that this sensor allows us to -nwn the angular rete u
frame by moans of the reaction torque M

Jn reader is referred to [2.9] and also [2.1] for a desper insight into gyroscopic theory and appli-
cation.
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2.3 Accurecy Limitations of Inertial Neasurementy ,
The accuracy of inertial seasurements is Vimited by the following effects

fundamental iimitations . ‘

technical imperfections
enviromantal influences
effects of the digitizing process.

Fundamental limitations such as gravity effects from the sun and moon, migration of the morth pole, im-
perfect knowledge of the earth's gnvlg teld etc. discussed above, cause ull ervors in comparison
with the other effects. Typical values for such errors ere given above and in Metf. [2.8] as:

e O

Gw<s 107590 with the miyration of the nortn pole not modelled

w2 105%n  with the migration of the north pole modelled (2.440,b)

o < 1% ¢ with gravity snomalies not modelled

stc<2 107 g with gravity anomalfes mode!led. (2.452,0)
3 N Technical imperfections, such as friction, electronic moise, spurious torques, mamufacturing defects,

finite response times , etc., limit the measuring accuracy of the sensors. But ingrtial technology has
reached such & degree of perfection in the last decades that sensors with sufficient accuracy and dyna-
mfc response for almost all flight test applications are on the market. Typical valves for these errors are
; & <1073 O (2.46)

sf <1075 . (2.47)

Environmental influences such sz the undetected motion of the foundation (s. Fig. 4.2.5), tempereture de-
pendence, vibrations can present severe problems. Proper selection of the sensors and careful amalysis of
the environmental conditions together with calibration and compensation techniques can help to reduce
these errors to & large degree. !

Calibration and compensation of the sensor errors are based on a error model. Emphasis is placed |
on the derivation of this model in Chapter 3 and on the error compentation in Chapter 7.

'ﬁ For d:aituing the measurement of the inertial sensor techniques with different accuracy potential can
be applied. Also certain mathematical rules have to be observed which again are the basis for the signal
preparation and readout frequency. These problems are discussed in Chapter 4. !

In Chapter 8 a completely different approach to overcome these accuracy limitations is discussed: the use
\ of redundant measurements based on a different technology (cinetheodolites, radar, VOR, DNE, Doppler rader,

s otc.! for a continvous infiight calibration of the inertial sensors. This method can produce a considers-
ble improvement in accurecy flight test data evaluation.

g S e
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3. INERTIAL SENSORS
3.1 Gyroscopic Sensors and thei. Application

The machanical gyro with the rotating wheel and the optical gyro will be subjects of this chapter,
According to the angular freedom of the spin axis with respect to the case (3. Fig, 3.1.1) one distinguishes
between sincle~degree-of-freedom (SOF) gyros and “wo-degree-of-freedom (TOF) . is dbastcally
an angular rete sensor and the gyro an attiiuge reference sensor, but Table 3.1.1 shows that both sensors
are not restricted to these spacific applications. .

Type of Mode __Aoplication
swlern-of-fm spring restrained turn indicator,
(SOF) gyro sensor in coatrol loop,

sensor for flight test

sensor in control leop, sensor
for flight test, sensor in low
to medium accuracy strapdown

attitude or mavigation systems

. amalog caging loop

. pulse caging loop as with analog caging loop

but potential of higher accuracy
stabilization sensor for platforws,
sight-lines, guns,etc.

conventional two-degree-of- unciged stabilizer in low to medium

freedom (TDF) gyro accuracy attitude and mm?
reference Instruments as arti-
ficia) horizon and compass gyro

. uncaged

conventional and dymamically amalog caging loops or as SOF gyro but only one sensor
tuned TOF gyro pulse caging loops or uncaged for two axes

but null sensor in stabili-

zation control loop

alectrostatically supported only uncaged mode possidle nl] sensor for platform stabili-

gyro zation in high accuracy INS;
reference for attitude with
respect to inertial space in
strapdown systems

other mechanical rete sensors no caging loop required in goneral Tow to medium accurecy
angutar rate sensors

optical rate sensor, no caging loop required prefersbly high accurscy rate
laser gyro and angle displacement sensor

in strapdowm systems

Table 3.1.1 Gyroscopic Sensors and their Applications

The SOF spans the whole spectrum from the conventional angular rate seasor for control and ﬂirt
test purposes %o the use as a stabilization sensor on attitude reference platforms or inertial navigation
platforms, and to the use as a highly accurate rete or angular displacement sensor in strapdown systems.

The TOF covers the same spectrum but is also used as & H?lo attitude and hoading reference when
the mstn—inui is not egui with & special stabilization control loop but stabilization is achieved by
means of the spinning wheel's lar momentulm which Mas an effect similar to that of an inert mass. The
accuracy of the instrument {n this mode is affected h‘ the friction in the gimbal bearings. Very clever
technica) solutions exfst to keep this friction low. ddverse effects cavsed by the gimbal mass and
“gimbal lock" 1imit the accuracy and angular freedom of the TOF gyvo with angular momentum stadbilization.

TOF_gyros without glmbal suspension of the rotor exist in the following versions:

- g{m with 1imited lar fresdom of the rotor with respect to the case. Fig. 3.1.2 shows two
eamples, the TOF gyro with spherical gas huria_ul the dymamically tuned 3 lod “dry
gyvo", which has to 3 large degree replaced tm oo in stabilization loops.

- TOF with unlinited angular freedoms such as the electrostatically wroru‘ gyro (ESB) showm in
Fig. 3.1.3. The spharical roter of the ESC spins in an evecuatad case and is supported by electrosta-
!T!'W. In this sunner friction has besn suppressed to & very lur&uﬁmz and m‘xro. once
brought to its nominal spin rete, runs without drive for months. The serves as & stabilization
mfo.-r‘ for high-accurecy fnertial mavigation platforas as wel) as an attitude reference in strepdown
systams. -
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3) Single-Degree-of-Freedom (SOF) Gyro b) Two-Degree-of-Freedom (TDF) Gyro
Fig. 3.1.1 The Essential Elaments of Mechanical Gyros
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Fig. 3.1.2 Two Examples of TOF Gyros with Limited Angular Freedom of the Rotor with Respect to the Case

2) TOF with Soherical Gas Bearing
(North American Aviation, Inc.)

Servo Loop t Servo Loop
for Electro- for Electro-
static Forces _T

static Forces
Hollow Beryllium
sall

Optical Pickoff

ond Potrose " ?
a

Engravings for Damping
Optical dout

Fig. 3.1.3 Example of a TOF Gyro with Unlimited Angular Freedom of the Rotor with Respect to the Case -
Electrostatically Supported Gyro (ESG)
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Somewhat related to the ESG are the gyros with fluid rotors where the solid sphere is replaced by a fluid.
Their application is limited.

There are gyros classified in Tuble 3.1.1 as “other mechanical rate sensors®. The following physical ef-
fects are used in these mechanical rate sensors:

- The ~eaction of liquid metal within a spinning torus to a rotation normsl to the spin axis generating
an angular acceleration within the torus (Honeywell Magnetohydrodynamic (MHD) Two-Axes-Rate-Sensor),

- the reaction of an oscillating mass to a rotation (Honeywell Vibrating Wire Rate Sensor, tuning fork
rate sensor),

- the deflection of a gas jet due to an angular rate normal to the jet flux (Hamilton Standard Superjet).

The optical rate sensor, have a great potential for future flight tests and navigation. They use a phy-
sical e?gecf Tirst demonstrated by Sagnac in 1913 with a ring interferometer. Angular rate with respect to
inertial space can be measured if two 1ight beams travelling in opposite directions on a circular path in
the plane normal to the angular rate to be measured are brought to interference. This physical effect is
utilized in optical rate sensors or in optical rate integrating sensors, the latter being commonly known
as ring laser gyros.

There are other proposals for angular rate sensors, such as nuclear magnetic resonance (NMR) gyros. To
the authors' knowledge they have not passed the laboratory state. They are not included in this description,

. The following discussions will mainly concern the conventional qyros with spinning wheels, which for the
time being have the widest distribution in flight test, contro) and navigation systems. The reader's atten-
tion 1s also drawn with emphasis to the ring laser gyro which opens new aspects for flight test measurements.

3.2 Basic Performance Equations and Error Sources Common to Mechanical Gyros

In recent years strapdown systems (s. Chapter 7.4.4) have reached a rather mature state of the art as
attitude and heading and navigation systems and they will also certainly find more and more favour as flight
test systems (s. Chapter 9).

High accuracy angular rate measurements are the basis of any strapdown system, which makes it necessary
to derive the deterministic and compensatable errors of a mechanical gyro in detail. Since both, single-de-
gree-of-freedom (SDF) and two-degree-of-freedom (TDF) gyros,are used for this puroo: :, their dynamics and
deterministic errors will be derived commonly in the next two Sections 3.2.1 and 3.2.2, thus opening the
way for a better comparison of their application for this task discussed in Section 3.3 and 3.4,

The reader not interested in high accuracy performance of a mechanical gyro in a amic environment
or the reader in a hurry will certainly find a way of scanning the next sections to familiarize himself
sowe definitions and to arrive at the section of his interest. The results of Section 3.2 are listed in
Table 3.2.1 for the SOF gyro and 3.2.2 for the TDF gyro.

3.2.1 The performance Equation of Mechanical Single- and Two-Degree-of-Freedom Gyros

The derivation of the mechanical gyro's zperfomnce equation will be based upon Newton's law for the
rotational motion (s. Eqs. (2.37) and (2.42)):

T T
o
Mgl m gl tu'I W (3.2.1)

which will_be applied to the gyro element shown in Fig. 3.2.1. M is the torque vector acting on the gyro
element, H' is the total angular momentum vector and

%fl{ or %E' g dencte “time derivative with respect to the inertial frame i or to the gyro element coordinate

frame g, respectively"

Gyro Element Gimbal Output Axis, U;
also second input axis
Rotor n TOF gyro, s. Fig. 3.1.1)

Rotor Drive

H, Spin Axis, S§

Input Axis, I;
(also second output axis in TOF gyro, s. Fig. 3.1.1)

Fig. 3.2.1 Gyro Element Coordinate Frame and Notation
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According to Section 2.1 we may, for most man-made instruments, establish as the inertial frame a coor-
dinate frame, which is nonrotating with respect to the fixed stars and located with its origin in the
' earth's center of gravity, Its axes are oriented as shown in Fig. 2.1; its x-axis is pointing to the north
\ S ’ pole, i.e. aligned with the earth's rotational axis, and its y- and z-axes are located in the equatorial
| : plane. The g-frame shown in Fig. 3.2.1 will be assumed as an orthogonal coordinate frame with its origin
in the center of support of the gyro element. Its Sg-nxis is aligned with the spin axis of the rotor and
the I_- and Oq-axes are nonspinning and are aligned with the principal axes of the gimbal element such
that aroducts of the inertia tensor | (s. Eqs. (2.39) and (2.40)) vanish.

i With the SDF gyro the Oqg-axis is in general collinear with the gimbal axis, which again is approximately

parallel to the torquer axis (s. Fig. 3.1.1.}. With the TOF gyro the axes-orientation depends on the con-
struction (s. Figs. 3.1.1b and 3.1.2). We will assume that its Ig- and Og-axes are close to the torque
generator axes.

Superscripts will be used in the following as physical characteristics and !9 means "angular rate of
the gyro frame with respect to the inertial frame®.

The main contribution to the total angular momentum vector ﬂT is H™ of the rotating wheel. It is, in the
gimbal coordinate frame:

o
' W-lo |, (3.2.2)
E -9 I w"

" >/

with 1 = rotor moment of inertia about the spin axis and ..,;" = angular rate of the rotor with respect to
inertial space in the direction of the spin axis. It is ¢ sed of

1
u;; - (ug? + o' ¢ 2N, (3.2.3)
where "'isg is the angular rate of the gyro element with respect to inertial space, ug; is the angular rate
E of the motor's magnetic field vector with respect to the gimbal element and u)'gr is the angular rate of the
‘ rotor with respect to the magnetic field vector. We will use as short-hand notation
o .
mg =n ugg ™ ¥ Hs In. (3.2.42,b,¢)

For tnertial grade instruments the rotor speed n is carefully kept constant and is in the order of 400 Hz
and H in the order of 10-3 to 10! Mms. We will define as spin angular momentum y; and as gyro elcment an-
gular momentum H§, both in the “g"-frame:

3 ig 19 !
\ 0 | I 0 0 uy J “rg {
ejo s ey sd=o 9 o |el =|pe| . (3.2.5a,b)
i) g 0 o Jg g Jg ugd

where J is the inertia tensor mentioned above with components JX 0,5* the moments of inertia of the to-
tal gyro element (e.g. gimbal plus rotor for the SDF gyro). s

‘ The total angular momentum vector in the “g"-frame is thus:
b | e B v 1, (3.2.6)
Before going more into details of the performance of a2 gyro in a high frequency envirorment, let us

brief:ﬁ review its performance for low input frequencies, when the spin angular momentum 1s predominant
N {Hs>>HY) and constant with respect to the g-frame, i.e.

With this assumption Eq. (3.2.1)can be written in the g-frame as:

4

|
dH :

ig S ™
| ", . ir?lg + uld x (3.2.7) ;
i where this is the this term causes nutation this term describes the bl

t torque applied to in a TDF gyro or time lag gyro element low frequency !

gyro element in an SOF gyro response, e.g9. the precession |

N j in a TOF gyro. (
" ] Eq. (3.2.8) is the basic law of motion of a practical gyroscopic element, which simplifies for low input ' ' s ,
My o frequencies to: : 1 b
Ra 4 { S . . !
‘} LA ggﬂ x B (3.2.82) ;

1 For the evaluation of vector equations in components the matrix notation is useful. We define an wx wi-
' trix (s. [3.1] Chapter 1.9):
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a_»;g x = ug 0 -ulli = “gg; (3.2.9)

“uy o 0 Jg
and Eq. (3.2.8a) reads:

. gl
!g M H,. (3.2.8b)

Evaluated in components we obtain:
v 19
" )
= H (3.2.8¢)
"o g 'lﬂl g .
As short-hand matrix notation for this two component vector we will use

Mg =M o (3.2.84)
where the skew symmetric unity matrix

. fo 1 . 1 o
= = - . -
i l'l 0 1{=-] o 1
takes into account a component and sign conversion of both sides, as with the torque and angular rate vec-
tor of a gyro. From Eq. (3.2.8d) and (3.2.10) it fs easy to obtain:

(3.2.10a,b)

AR TN (3.2.11)

Eqs. (3.2.8) and (3.2.11) are the practical element performance equations relating the torque
applied to the gyro element and its angular rate ug! With respect to 1ner2¥al space. They may best be Thter-
preted in the following way. If a torque vector M or angular rate vector w is applied to a gyro, the re-
sponse vector - angular rate vector w or torque vector M - is orthogonal To both, the applied vector and
the anqular momentum vector H and directed in the sense which would take H by the shortest way towards the
applied vector. Fig. 3.2.2 gives an illustration of this interpretation, where we have to keep in mind
tllnt in the second case the respense torque indicated is the negative of the torgue applied to the gyro
element.

»_applied:

M applied:

Direction of response angular rate:
H vector is “hunting” the input
Torque vector M caused by mass m

Direction of response toraue:
acts 50 as to take the H vector by the shortest
way towards the i.put angular rate vector w

Fig. 3.2.2 INTustration of he Gyro Resction to lnput Torques and Input Angular Rates

For strapdown gyros and systems, however, we cannot restrict our attention to low f fes on-
1y. We also have to remember that until now we have carried out the derivation in the g-frams, which has

angular freedom about one (SOF. ) or two axes (TOF gyro) with respact to the gyro case. The correspon-
ding pickoff angle depends on‘ input angular rate applied to the case, the applied to the gyro
element via a torque generator and on the sensor errors. This angle is converted into output signal.

We will derive in the following the dependence of the pickoff angle on the input signals and sensor errors.
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For this purpose coordinate frames have to be defined carefully because for high precision measurements,
such as in strapdown systems %s. Chapter 7.4.4) where the angular rate measurements of the gyros are used !
for mv1?ltion purposes, misalignments of the order of arc minutes cause errors which may greatly exceed i
the required 1/100 O/h drift. ‘

We will assume that the reference coordirate frame (subscript “r*) in which the gyro is used within a 4
system or on a test table is an orthogonal frame and that the axes of the gyro elewent coordinate frame i
are out-of-aligrment with respect to the r-frame by the small angles X1.0.5- It will also be assumed, at ;
least for the moment, that the origins of both frames coincide. The anglet’y] o g are composed of the time ;
; ' varying angles 8; .o ¢ describing the angular freedom of the orthogonal gyro eledent axes (s. Fig. 3.2.3) !
. and the Msaligr&ﬂt angles 11 g g (s. Fig. 3.2.4). The smaliness cf the anglcs allows us to Treat thew as |
vectors ({3.1], Appendix = 3):

X*=9+a. (3.2.12)

e e
P %"‘fﬁm

PR r—misgrastrervey

The angles aj . may be due to imperfect mounting of the ~otor within th- gimbal and case, backlash of
the(g‘lm::I p;vg i)!n the jewe! bearings or misalignment of the gyro case with respect to the reference fra-
me (s. Fig. 3.2.4).

‘ The transformation matrix between the gimbal element and the reference coordinate {rame is:

\

1 ~Xg X0 T
i Grg®|% 1 xp|cl+y Cor= b+ =l % (3.2.13a,b)
f X% a1

where ] 15 the unity matrix.

A third coordinate frame has to be defined; it is the one in which the torque 1s.|pgl'l|d to the gimbal
element via the torque generators. With the SDF gyro the torquer axis in general will parailel tu the
case axis and to the gimbal axis. Misalignment may result from backlash in the gimbal bearings. With the
TOF gyro shown in Fig. 3.1.2 the torquer axes are defined by the torquer coils. Their directions are sub-
: Ject to manufacturing inaccuracies. In practice the final adjustment of these axes is carried out electri-
: cally. e will assume that the torque generator coordinate frame (subscript “t"), which is nonorthogomal,
may be misaligned with respect to the reference coordinate frame (by the small ang'les Bij (1 = 1,0,5;
J = 1,0,S; 1 # j). The transformation matrix between the two frames (s. Fig. 3.2.5) is:

-

) :
Gre*|Bs 1 Byl =I+h Ger = 1+ 8% (3.2.14) [
-BSO BSI 1 J ¥ . ;

-——

i £q. (3.2.1) expressed in the torque coordinate frame, with the input signals w contained in g expiessed
in the reference coordinate frame, becomes:

Myoo Gog Mg = Gog delg (8 + M) + g Q19 ¢ (6 + 1), (3.2.15)

wher~ we have made use of the relationships stg(‘-"g % th) = ctr((._ur X g.,) and th- (_:It . srg'

L } Considering the freedom of the gyro element to move with respect to the gyro case, we split up _u_‘g into
| wld o Wl€ 4 S8, (3.2.16)
+
where i
' . wy {
b AL (3.2.17) ;.
3 mS r H ’
) ' is the angular wmotion of the case with respect to inertial space in the “r* frame. Similarly i
é =
Q:g u u;g o éo (3.2.‘8) i :
éS
is the motion uf the gyro element with respect to the case in the reference frame and equilly in the gimbal i 4
frame when products o x x are negligible. R R
Torques acting on the gimbal elements (s. Fig. 3.2.1) are composed of: R ’ .
- the restraint torques N’ .

- the command torques !t or command rates gt applied through the torque generator
wagpuet (3.2.19)

- and the distyrbance torgues n‘ causing gyro driftsD' to be derived in Section 3.2.2; they act in
addition to the terws of €q. (3.2.15),.
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Fig. 3.2.3 Angular Freedom of the Gyro Element with Respect to the Case in the SUF and the TOF Gyro ;
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Fig. 3.2.4 Misalignment of the Gimbal Element with Respect to the Case and of the Gyro Case
with Respect to the Reference Axes
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In summary _ .
~ ~ - i
: Imegw et jo. (3.2.21) g‘
‘ Introducing Eqs. (3.2.5/6/10/12/13/14/16/17/18/19/20/21) into Eq. (3.2.15) and reordering it such that i
the terms governing the interior dynamics of the sensor are combined on the left-hand side and the terms i
actinah ‘imhﬂi" sml\::rfan t::nbin? :m the rig:t lnn;l side, we obtain th: Erforuncc !gution on the next
page ch is va or sensitive axes of single- and two-degree-of- S. ve lected
.in this derivation products of 8, a, 8. 9 wyro reg
3.2.2 Additional Error Sources in Mechanical Gyros

3.2.2.1 Unbalance Drift

e et

When the center of gravity of the gyro element in Fig. 3.2.1 is separated from the center of support
(1.e. the origin of the “g“-frame) by

r=(r ry rs)T (3.2.25)
and the acceleration vector §' acting on the center of gravity is (s. Eq. (2.5)):
1 g - (e 9 9 (3.2.26)
: we obtain as mass unbalance drift DY and with its time integral the error angle ¢ per velocity increment
. L R
, -t i Rirxg-p =g'g's =gl (3.2.27a,b)
' s+ Mo

; The mass unbalance drift or "g-dependent drift" defines the accuracy requirements for the calibration ot
L of gyros. The mechanical compensation is generally in the order of magnitude of d = 1 9/h/g.

- For a gyro rotor with a diameter of 5 cm, a thickness of 2 cm and an angular rate of 24000 rpm the
distance between the center of support and the center of gravity may only amount to:

re % “ 0.4 um. (3.2.28)
The high quality gyros have special means to achieve this adjustment (s. Fig. 3.3.8).

A , According to the rule of thumb in inertial navigation the gyro drift has to be below 0.01 O/h for a navi-
; gational accuracy below 1 km/h. This number will be proved in Chapter 7. The gifforom between the drift

of 1 9/h/g that can be obtained by adjustment and the required drift of 0.01 9/h is electrically compen-

sated. In this regard the g-sensitive drift is considered constant, as, on an average, an atrcraft is sub-

Ject to only 1 g acceleration, This kind of compensation works only under the condition that the position

of‘the :loat's center of support and center of gravity are stable within 1/100 of the above mentioned

value, 1.e.

ar » 40 R per d = 0.01 %/h/g. (3.2.29)
P _ 3.2.2.2 Anisoelasticity Drift

T M AL\ S M 51

This distance r between center of support and center of gravity can vary with the force acting on the
center of gravity by (s. Fig. 3.2.6 for Ky; # 0 only, with i = [,5):

'; Kir Ko K1s | (91 |
: br= mEg' < m| Koy Ko Ko |+ 9p| » (3.2.30) |
Ks1 Kso Kss ) (95 i

no acceleration acceleration g' acceleration -g°

\ ?\.\ = %' (‘ss'K")ﬂ' l ‘

- gy o

¥ (A
N Y
1 Care- 3w (KggKyp)o* \
W oemar g - e g Pk e")E
Fig. 3.2.6 Effect of Anisoslasticity )
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where [ s the compliance tensor. 5o we obtain as anisoelasticity drift:

2 2 Tt [ .
| o gt TRt Fis®sT - (Kss - Kip) 9195 - Kso8ish ¢ Krofgs; !
: Q-T](sg)xg-“— " 2 o " .'1. (3.2.31) g
z Kost” - Ksof” + (Rop = Kss) 9395 * Koysiss = Ks;9i85 )
The anisoelasticity causes a static drift in a vibrating envirorment. Its minimization puts a challenge on
the design engineer and the bearing engineer to properly match the anisoglasticity of the gimbal element, :
the rotor and its bearings 30 that the total assembly 1s isoslastic [3.2]. The isoelasticity of the ball i

bearings is effected by the preload and the contact angle be the bally and the imner and outer rings.
Isoslastic bearings have a contact angle of (s. Fig. 3.2.7, i:.z] and T;.JI): :

a«tan 1//7 - 3520, (3.232) !

e

%
s \

Fig. 3.2.7 Bearings of a Gyroscope Rotor
3.2.2.3 Notor Hunting Drift

U : The drift due to motor hunting, i.e. in Eq. (3.2.22) the terms:
R | 14 wy
1 - (J“;) ug = gh (3.2.33)
Y uy
\ may cause trouble at higher input frequencies in single- and two-degree-of-freedom gyros. The rotor u{

i oscillate with respect to the constantly rotating wmagnetic field vector at higher amplitudes, especially
if the damping of the motor fs low - as for instance in hysteresis motors - and the gyro case is vibrating
about the spin axis near the hunting frequency. For hysteresis motors this is in the ra of 1 to 10 Hz.
Modern strapdown gyros use wotors with electronic speed control. This control network rmts the damping
to values of ¢ = 0.2, approximately. Fig. 3.2.8 1s valid also for these motors.

5 — T
Re (1) l For:-o. m(t) For ¢ =60t
4 D-'-,—"Rocs‘ﬁl 6'- al'-‘ mQ,0, 1
3
' A 2 aos| || 0o
- 1 [— g=0.0! :,; bl i 5
| h ——
o T o
R 5 \\ihas
g -1 003 — os
= I
-2 .
-3 r _
. [ ;
-8
0o 2 mi/u, s o 1 2 Nt/ [

Fig. 3.2.8 Frequency Plot of the Drift Coefficients Due to Wotor Hunting
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The dynemics of the relative motion y between rotor and n'utic field vector due to case vibration
: about the spin axis s comparsble to that of the balance wheel in & wrist wetch (= indicates Laplace Ou:in):

X 2 " e )

L] [ ] L ] -t' - -(’ . ~ In 3-2-“
dE X & 1824 Cs ok (s/™)E ¢ 2g(sM)41 *d ( ' ‘,
1 with the naturel freguency u", the demping ratio ¢,
{ . k)l ce gt (3.2.3) ;
g i

the: real part Re and the imaginery part Im of the transfer function % .

With w; o= 8 o sin 2vftand w, = O, sin @nft+$).wa obtain for the mean hunting drift:

B WA, b S s 12

Y
- 5,“—'42 (Re cosv + Im sin y), (3.2.36)

where Re and Im have to be taken from Fig. 3.2.8. Re approaches -1 at high fn’omin. when the rotor can
no longer follow the gyvo case vibration about the spin axis. lm is different from zero only in the neigh- .
bourhood of the resonance frequency. The compensation of this error 1s discussed in Section 7.4.4. :

3.2.2.4 Errors Due to Gimba) Besring Friction in SOF Gyros

In floated SDF and TOF gyros the gyro alement is in gensral supported by pivot/gml bearings or ball
bearings. Uncertainties due to the friction in the bearings may arise, primarily {f these gyros are used

in strapdown systems (e.g. SOF gyros).

Fig. 3.2.9s the forces acting in the gimbal bearings of an SOF e p an angular rate about
the ou axis (F' = H wp/c). These agatin cause an uncertainty torque !ll o ublF'|) and an angular rete
i insensitivity (cul = 24/H) of twice the amount of the friction effect in one direction (s. Fig. 3.2.10a).

I
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|
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Fig. 3.2.9 Forces Acting on the Gimbal Bearing in an SOF-Gyro and Causing Friction Torques
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Fig. 3.2.10 Effact of Friction Torque in an SOF on the Output Charscteristics ta an Amelog
Rabalance Loop (a) and Bimary Pl dtir-Modulation Rebalance Losp (b)




U —
.t

Py

2

'™ ° 3.2.37)
1 b _1%m (
§-Tog Mg

where we used the following values: for the friction coefficient u = 0.0l (tungsten carbide pivots [3.4]),
for the pivot dismeter b = 0.05 cm and for the gimbal Tength ¢ = 5 o,

So far we have assumed that the SOF strapdown gyro with gimbal friction is equippad with an analog
caging loop, where the torque N of the torque ginerator s fonal to the input rate u{. If the cag-
ing loop 1s & binary pulse~width modulation Yoop (s. Chapter 4), the SOF gimbal is constantly torqued
from the negative to the positive direction about the output axis by means of topn puiges, the sum of
which is proportional to the input rate. Friction reduces the torque pulses by M' resulting in a drife,
or & scele factor error of (s. Fig. 3.2.100)

£, blwl ¢ s _ b lvo °
D suz H K = sy x—— « ] pompera,=1"/s. 3.2.34,0
[ Ul“! "l Y -g ¥ c “tul % ( )
3.2.2.5 Errors Due to Hydrodynamic Effects in TOF Gyras

he following considerations apply only to the "free rom;gyro (FRG)* and the “dynamically tumed gyro
(0T6)" shown fn Figs. 3.1.2a and b and not to the glmballed gyro shown in Fig. 3.1.1b, The FRG and the
DTG exhibit error sources due to constant and changing misalignments (x = 6 + a, s. Eq. (3.2.12) and Fig.
3.2.3) of the rotor and the motor shaft with respect to the case. They are called “gyro spring rate coup-
ling errors® acting as direct and criss-coupling components whereby:

- the direct coupling drift terms d}; x; and dfg xp are primerily due to hydrodynamic viscous shear
torques and motor torques and

- the cross coupling drift terms df Xpn A x] are primarily due to hydrodymamic pressure torques
and ol«:tmmﬂc interference gm&«a rﬁc’ar. torquer and pickoff (s. Fig. 3.2.19.

Cross Axis Torque
Wotor Torque Causing Direct Coupling Orift

Lower Pressure Than on
Other Side Causing

Direct Axis Torque or
Cross Coupling Drift

' Torquer Motor Stator Torquer

Fig. 3.2.11 Direct and Cross Coupling Drift in a Free Rotor Gyro

To include thase terms into the performance equation for the FRG we have to introduce !nto Eq. (3.2.22)
as additional drift components:

-d5 {3
e [ a4 ‘ro],rl s.01) o)
: ] 5 )
g1 %) (% * )
It will be shown in Section 3.4.3 that these drift terms affect the dynamics of the semsor
the misaligned gyro rotor to urg‘wt a coning motion which spirally converges to its equilibeium. The

time constant and the period of s motion are for the Autonetics G 108 FRG |3.5| whose torquers are
placed in a way similar to Fig, 3.2,11:

T" - lldu *Top=50s Tio = Wdyo = Tm =53, (3.2.400,0)

This gyro is fairly sensitive to rotor misalignments, since the periods Tjg and Tgp are smell. Other
Autonetics FRG's have larger values for these periods. In a DTG they can be aasily increased by properly
satting the mins frequency, i.e. causing the residual negative or positive spring constant due to mis-
tuning to cancel dig or dap. This will be discussed move in detail im Section 3.4.5. In this respect the
o1 13 ior to . Moutine adjvstmsnts to 0.002 9/h/arc-sec are made on siandard DTG's and
0.0002 9/h/arc-sac is achievable.

The stability of the direct and cross 1ing drift deponds on the tightaess of the rebelance loep and
the stability :‘ the pickeff plane. ol
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3.2.2.6 Syro Scale Factor Error

It mechanical $ are used as angular rate sensors, they are in geners! equipped with a rebalance
;ogpjthrwgh an electronic network from the gyro pickoff to the torquer, as described in Sestion

.2 for the single-degree-of-fireedom gyro. The rebalance loop acts similarly to the spring in Fig. 3.2.2.

For low input frequencies the torque ut of tha torque generator which drives 6 to zero is a measure for
the input angular rete up minus gyro drift discussed {n the previous sectioms:

W =N - D).

The torque
scale factor S':

M= st 1wt i

(3.2.4Na)
again is related to the current | by the torquer scele factor st or the command rate

(3.2.)
In genera) the command rate scale factor is called the torquer scale factor of the gyro. We thus obtain:
i -'gg vy - 0) -‘5. (g - D). (3.2.410)
The corresponding output voltage u = Ri taken over a precision resistor is:
u =R ft' (o - 0) -'%,. (op = 0) = (o - 0). (3.2.41¢)
The actua) gyro scale factor is thus:
S-meE- (3.2.43)

The nominal gyro sca.e ‘ictor S* used for the evaluation of the output voltage u is based on the nominal
values of R*, K™ and St* and is in error ageinst the actual gyro scale factor S by

gi..t.ﬁgf-;i.gﬁ, (3.2.442)
so that
S =S (i+x) (3.2.44b)
The measured angular rate is thus:
o ==8" us (14x) (o - D) {3.2.45)

where x comprises all scale factor errors, the mmlnti;‘)of the precision resistor (éR), of the angu-

lar momentum (SH) and above all of the torque generator (3S°). The drift D comprises all error terms which -
are sumeri in Section 3.2.3.

€q. (3.2.44a)shows the dominant role of the linearity and stability of the torquer scale factor st and
the constancy of the gyro's angular momentum H in the accurate readout of the seasor. It is interesting
to note that these requirements for linearfty and stability do not exist for the gain of the caging loop
electronics (caging loop without torquer, s. Section 3.3.3.2).

A typical wodel for the scale factor error of mechanical inertial instruments in the electrical rebalan-
ce mode of operation is given by (s. [3.6], Chapter 2, Eqs. (10), (41) and (62)):

c, a¥l | n 2
x®Kg +« -'.—lr +K Wt L (3.2.46)
where, as illustrated in Fig. 3.2.12:

(4

© = basic "fixed" scale factor; drm primarily on the torque generator stability, hysteresis
and temperature sensitivity, which for Samarium Cobalt magnets, a commonly used material in
permanent magnet torque generators, is in the order of magnitude of

420 poa/ K; (3.2.47)

X = scale_factor asywmetry error, when the wsitip scale factor ¥ is different from the nagative
one S and a common value is used for both; «° causes a rectified drift if the sensor is exposed
to a vibrating envirormant: for u; = 3; sin 2xft we obtain the following mean drift:

wy ot . e
of « 3 g
or the requirement that
.5 a1 %s and 0° < 0.01 ¥/n; (3.2.48)
——!——:tomfﬂ'll 17/s 0. H
«'ox" = Tinedrity errors that modify the scale factor error under high rates; they depand smong others:

- on the tightness of the rebalance ooy (sma)l pickoff sngle minimizes the electromegnetic
interference between rotor, pickoff and torquer)

- and also on the design in & Dinary pulse-width modulation rebatance loop (the torque
pulses may chuse curvents depending on the input sigmal [3.7]).
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Fig. 3.2.12 Gyro Scale Factor Error Model

3.2.2.7 Errars not Included in the Analysis

There are error sources which vary from seasor to sensor and which can hardly be snalysed in ganaral.
z.s:ablo from test to test, they can be modelled empirically. Some of them are listed below. They may be
0

- & residual spring torque of the "pig tails", {.e. the thin current leads from the gyro case to tw
gimbal element

- :lnzmtic interferences from the pickoff and torquer; they depend on the angle between the gyro case
the sensitive element, i.e. on the stability of the pickoff plane

- temperature changes, especially in floated gyros, where the drift due to mass unbalance depends on
the tespersture

- the flow of the flotation liquid due to temperature gradients in floated gyros, where the gyro ele-
ment is kept buoyent in the liquid (s. Section 3.3.3P

- the unsymmetric flow of the gas in double in ti » where the gyro element is kept buoyant
by weans of & hydrostatic gas bearing (s. Section 3.3.
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= the sensitivity to vidbrations at spin frequency when the rotor has mass unbalance

- the sensitivity to vibrations at twice the spin frequency in dynamically tuned gyroscopes (DTG, s.
Section 3.4.4)

~ the random torques, due to ball bearing noise, for instance (random errors due to the digitizing pro-
cess are treated in Chapter 4),

3.2.3 Sumary of Deterwministic Errors and Comments on their Compensation

The results of the previous sections are summarized in the hblo:d,,z,xm on the next pages.
As compared to Eq. (3.2.22) terwms of no significance have been omitted.

The Tables 3.2.1a and 3.2.1b apply to the SOF !{? and include the nomenclature and svmbols as used by
the "Gyro and Accelerometer Subcommittee of the | Asrospace and Electronic Systems Society® im its
Standard Specification Format Guide and Test Procedure for Single-Degree-of-Freedom Rate Inteqrating Gyros®
and {ts "Supplement for Strapdown Application” [3.8]. Also included in these tables are assessments on the
requirements for error compensation in an INS (drift < 0.01 O/h) and in an AHRS (attitude and heading refe-
rence system, drift < 5 O/h), wharehy we have assumed o fairly benign dynamic envirorment of 1 O/s ran-
dom angular rate, 0.1 g mean acceleration and 0.5 g RNS random acceleration.

The Tables 3.2.2a and 3.2.2b lp?ly to the TOF gyro. We have assumd for the numerical evaluation of dy-
namic errors depending on the gyro's moments of inertia that the rotor is a ring with an outer diameter of
50 mm, an inner diameter of 30 mm and & width of 10 mm. We thus obtain the following moments of inertia

1 =416 om ol about the spin axis,
J = 216 gm ol about the transverse axas. (3.2.49a,b)

The single-degree-of-freedom floated gyro and the dynsmically tuned two-degree-of-freedom gyro hve
proven excellent performance in Elltfon systems. The terms in Tables 3.2.1a and 3.2.2a are Tairly stadle
for sensors of “inertial quality" and are hence compensable.

When mechanical gyros are exposed to the dynamic enviromment of strapdown systems their performance de-
teriorates condiderably, primarily :

- due to the sensors' misaligrment {s. Table 3.2.l1a, Row 4 and Tabla 3.2.2a, Row S).A
-~ due to the command rate scale factor errors (s. Table 3.2.1a, Row § and Table 3.2.2a, Row 8) and

- dun: ;oztg:)fact that the sensing element is not massless and dynamic errors arise (s. Tables 3.2.1b
a .2.20).

The deterministic error wodel in these cables may serve as a basis for error compensation once the coeffi-
cients have been defined as a result of laboratory tests and flight tests (s. [3.8] and [3.9)). The
assessment of the compensation accuracy leaves the impression that the requirements for thé use of both
sensors, the SOF and the TOF gyro, in an attitude and heading reference system (AHRS) can be met easily,
but seem very hard to meet in an inertial mavigation system (INS). However publications on flight test re-
sults with strapdown navigation systems using DTG's (Litton LN-50, Teledyne TDV-704A) on board an exe-
cutive jet [3.11] and a civil transport aircraft [3.12] are promising in this respect (< 1 M4/h).

Gyro error compensations were implemented in the LN-50 for [3.11]:
Bias drte

rdtrnd‘nt rift

misaligrment of pickoff plane and gyro spin axis

motor hunting

anisoinertia and
output axis angular acceleration.

In a more severely dynamic environment additional performance degradation will arise

- d\:o”-t: t:: limited bandwidth of the sensors(in the order of 80 0200 Hz) and the compensation algo-
r 8

~ due to non-detected ervor terms.

Scientists put much hope on the ring laser gyro which at the expense of size promises fmproved perfor-
mance in a dynamic environment.

In the next few sections wa will discuss the use of SOF and TDF gyros as angular rate sensors and as
stabilization devices.
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No. D= IEEE Subcommittee Nomenclature and Symbols
Error Mode! and Symbols [3.8] | Used in this Volum

1 0¢ ' azceleration insensitive drift

t | -Rlrgei-ry el

2
3 o g et x50t
= (Kss - Kpp) 9f 98
- Kso 91 9 * K10 %9 %!

Gl tosttisv

§ e ut

6 + Other terms

O

+ other terms

5?%0

acceleration sensitive drift
rate

0 - df o o dg o + 950}

acceleration-squared sensitive
drift rate or anisoelasticity
drife rate

o' - o} 9% 43 ?
+dis of o
*dlo of % * %s 9b 9}

misaligrment drift rate
Py

drift rate due to gyro
scale Tactor ervor

$ 1. W
o [( *e m‘

(‘ .t * ‘n (wt)zju‘

a) gi = 3" sin 2xft

o = 9 sin (2xft + ¥)

Table 3.2.1a Deterministic Error Nodel of a Single-Degree-of-Freedom




T TN N

n

T

Remarks Requirements for Compensation in an
INS (D<0.01 °/n)  AHRS (D<5 °/h)
due to residual torques (pig tails, inductive pickoff and torquer),} <0.01 on <5 %h
fluid and gas flow, temperature effects; may vary with time and
has to be recalibrated
s. Sections 3.2.2.1 and 3.3.4; o
due to unbalance (temperature sensitive), turbine torques <0.1 “/h/9 <50 %n/g

s. Section 3.2.2.2;
due to compliance of gimbal element and bearing; always rectify-
ing in a vibrating environment; varying with high frequencies '{3.9_[

rectifying only when g{ and gi are correlated;
0® « 3 df, g 9, cose®

for unidirectional angular rates a and
g may be regarded as error angles per 1 rad angular motion

s. Section 3.2.2.6;

wt = earth rate + transport rate in platform environment;
wb = vehicle's angular rate in strapdown environment;

i fixed scale factor error due to temperature sensitivity
of torquer resulting in error angle per turn;

i1  asymmetry scale factor error resulting in rectified
drift in vibrating enviromment (s. Eq. (3.2.48));

ifi nonlinearity scale factor error, troublesome at high
rates, resulting in error angle per turn, s. above.

if wean acceleration < 0.1 g

<0.08 %/h/g? <20 %/h/g?

if linear vibration < 0.5 g (RMS)

in strapdown systemsa and 8

<20 arc sec <3 arc min

for a tolerable error angle per turn of
<2 arc min <20 arc min

in strapdown systems «:

<100 ppm <1000 ppm

for a tolerable error angle per turn of
<2 arc min <20 arc min

<10 ppm <4000, ppm

if angular vibration <1 0/s (RMS)

<200 ppm <1000 ppm

Gyro in a Platform and Strapdown Environment
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IEEE Subcommittee Error
Model and Sywbols [3.8]

Nomenclature and Symbols
Used in this Volume

Sa | % {wgl

im
5b M

nlor

W
“Imax

7 + other terms

+ 0, (u)

+ other terms

drift due to motor
hunting rata ¢

0" = flugs uy)

angular acceleration

0P = P &y

anisoinertia drift rate

1.4
0= dgp a5 v

cross coupling drift rate
o° - f(ul »s)

measurement dead band due
to gimbal bearing fric-
tion if analog caging
loop is used

of = ¢f luy!

drift or scale factor
error due to ?ﬁal bear-
1n§ friction if bimary
pulse-width modulation
caging loop is used

0 = of fugl wy = <" oy
output axis rate error

a) -
“1,0 * Y1,0 sin 2nft

b)uo-::)osinﬂft-ul

ms-:assin (2nft + ¥)

for a second gyro in a system; s. Section 7.4.4 for computation of this pseudo-
coning error at system level

Table 3.2.1b Additional Deterministic Error Terms of &
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Remarks

Requirements in an

INS (D < 0.01 %n) AHRS (D < 5 %/h)

s. Section 3.2.2,3; rectifying 1f wp and wg are
correlated;

O & a)
;ﬁ ] :_Sﬁ_l_ (Re cos¢ + Im sing)
with Re and Im from Fig. 3.2.8;

;or fr:qu.ncios above hunting frequency (1 to 10 Hz
e + -1,

s. Section 7.4.4.3.4;
giving rise to nseudoconing error on system level;

— . a2 b)
0
0 - gr s
can be optimized by proper output axis orientation;
rectifying only If wg and wy are correlated:

Je - d & a)
-D-{-_ézr__x- :STL cosy

rectifying only if wg and wy or are correlated;
can be kept low with high loop gain; attributable
to scale-factor error, s. Eq. (3.3.3).

Spin-input rectification:

of - [;%] up ag ﬂ;—s (Re cosy + Im sing) "

with Re and Im = real and imaginary part of gyro
ilogega;oop transfer function, [90/“’1] s. Eq.
3.3.18).

Spin-output rectification:

<./% g & 2)
0" = [-"‘—0-] wy wg = ~—y— (Re cosy + Im siny)

with Re and Im = real and imaginary part of gyro
closed-loop transfer function [eolmor

s. Section 3.2.2.4;

u = friction coefficient

b = pivot dismeter

¢ = gimbal length;

countermedsures: dithered jewel bearings, ball
bearings, taut wire suspension.

s. Section 3.2.2.4;
scale factor error

£ oo bl
e “Imax

apparent input axis misalignment; function of
various orders of wg: may be discontinuous;
depending on gimbal support including flotation
fluid [3.8]

above hunting frequency
& 8 < 10m%

otherwise compensation,
s. Section 7.4.4.4

no special means re~
quired for suppres-
sing this effect

.

for Jo/H = 10 O/hs‘;isf?m;s typical value for an SDF

»

gyro, and &g = 1
d=5%n d55%n

compensation necessary compensation not ab-

solutely necessary

for (Jg-J1)/ti= Q.D‘§°/h("/s)2 §s typical value for an
SOF gyro, and &g wy = 1(9/s)¢:

compensation necessary no compensation ne-

. cessary

requirement for closed 1o0p o dmndin? r:guin-

transfer function: ments for closed-loop
transfer function

Re or Im

0.6 Arc sec
/s

per & o dig < 1 (%3)?

for pivot/jewel bearings = 1 %/n/(%s)

not toleradle toleradle

for pivot/jewel bearings = 1 ppm/(%/s)

tolerable tolerable

Single-Degree-of-Freedom Gyro in a Strapdown Environment
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Nec. 1} [ Nomenclature and Symbols
! 0 Used in this Volume
T T
1 0y no accelaration insensitive drift
rate

2 | -glrgoy-r9]

g )
3 + 039y
2 2 2
[ ' 1
4 ) tu [Ks%s - K 9

- (Ksg ~ Kpp) 9795

- K0 9190 * Ko 99 95l
5 - oy wg + Brg ug

6 - dpy ap + dyg o

7 - dpp Op +dig 8

8 + K ‘“f

9 + other terwms

-a[rsg'o- ro9% ]
g a0
Y4

2 2
+ 7 (Kos 95 - ¥5p 9

* (Kss = %o0) 995

+ Kop 9195 - Kgy 91 9yl
* g ug - fog vy

- dog% - do1 9

= dog 8 - g O

t
+ g g

+ other terms

(4
% .0

acceleration sensitive drift rate
0% = 11 o 9|

acceleration - squared sensitive
drift rate or anisoelasticity
drift rate

B afify dfjg'is‘;'

misalignment drift rate
U- - z‘ d: lﬂ‘

direct and cross axis spring rate
coupling due to misalignment

0% = [1 df o

direct and cross axis spring
rate coupling due to control
offset

0%« Ji df o,

drift rate dus to gyro
scale factor error

t
Ds-[‘c""‘fﬂ

PR N <" (mt)z] ot

)9’y = §§ sin 2xft

9 " G& sin (2sft + )

Table 3.2.2a Deterministic Error Model of a Two-Degree-of-Fresdom
in a Platform and Strepdown Enviroment
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Remarks Requirements for Compensation in an

INS (D<0.01 °/h)  AMRS (D<5 O/h)

due to residual torques (megnetic interference of pickoff and <0.01 %h <5 O/n

torquer;in floated gyros fluid flow; in FRG and DTG flow condi-

tion on rotor periphery (laminar, turbulent) [3.5], effect of

pickoff plane variation on pickoff lnﬂo-dopendcnt drift

terms, s. Rows 6 and 7); may vary with Cime and has to be

recalibrated

s. Section 3.2.2.1; o o

due to unbalance (temperature sensitive); in FRG and DTG: <0.1 “/h/g <50 “/h/g

r, " if mean acceleration < 0.1 g

in FRG due to rotor ccmpliance [3.5], in DTG due to quadra- . .

ture penduiosity [3.10 and 3.20]

s. Section 3.2.2.2; 2

in floated gyro and DTG: due to gimbal compliance; always <0.04 °/n/g <20 9/n/g2

rectifying in vibrating enviromsent if Tinear vibration < 0.5 g (RMS)

in floated gyro and DTG: due to gimbal compliance; in FRG - *

due to gas bearing incompressible effect [3.5], rectifying

only when g; and gi are correlated;

a3 i o)
fa ::tlw above; in FRG due to gas bearing compressible effect . .
for unidireccional nn?uhr ntl:cs : and ? may l:g 1;05::::9:::" systems a ‘"‘(;’ arc min
\ 3 n

regarded as error angles per 1 rad angular motio for a tolerable error angle per turn of

<2 arc min <20 arc min

effective in FRG and OTG only; due to hydrodynamic torques,
motor torques, windage torques; additional error sources in
DTG: mistuning and damping of flexures cause spring rate
coupling in cross axis and in direct axis, respectively
[3.10]; sensitive to adjustment and stability of pickoff
plane, s. Section 3.2.2.5; in DTG: djp and dpj can be com-
pensated by variation of tuning condw'lon. s. Sections
3.2.2.5 and 3.4.5

S. Row 6; causing random-drift in platform environment and
maneuver-dependent drift in strapdown environment

o0 [% b)
0" = d [q “3

1=1,0; § = 1,0, with [8;/wj] = transfer functions; can be
kept low with high Toop gain, s. Eq. (3.4.23)

$, Section 3.2.2.6;
w‘ = garth rate + transport rate in platform enviromment;
wt = vehicle's angular rate in strapdown environment;

i. fixed scale factor error due to temperature sensitivity
of torquer resulting in error angle per turn;

11, asymeetry scale factor error resulting in rectified
drift in vibrating enviromment (s. Eq. (3.2.48));

1if. nonlinearity scale factor error, troublesome at
high "ltc:. resulting in error angle per turn,
s. above

in DTG especially drift rate due to twice spin frequency
angular wotion and torques [3.10 and 3.58]; giving rise to
turn -around error of DTG on platform due to differing struc-
tural compliance of platform with azximuth angle.

for dyy = dog = 0.02 %/hsarc sec
{s. Eq. (3.2.40a)):

a < 0.5 arc sec a< 8 arc min

requirements for © not so tight as for
a in Row 6 since 6 depends on aircraft
maneuvers which change with time

in strapdown systems x

<100 ppm <1000 ppm
for a tolerable error angle per turn of
<2 arc min <20 arc min

<10 ppm <4000
1if angular vibration < 1 %s (ngr
<200 ppm <1000 ppm

Gyro (Gimballed, Free-Rotor Type ard Dynamically Tuned)
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No. AD = Al = Nomenclature and Symbols
Used in this Yolume
Y Y drift due to motor hunti
1 * “ * n te v "
0% = flugs wp o)
. @
2 - % “ + ‘!’- -“-‘» angular acceleration drift rate
n

3 | -a-pSL

5 + other terms

tu-p P

+ O

+ other terms

w.@gm

nv;isoiv:erth drift rate
0 = dyp o5 %

cross coupling drift rate
o - d€ g

F)%&-qmuuhm

g = O sin (2uft )

Table 3.2.2b Additional Deterministic Error Terms of a Two-Degres-of-Freedom




E! ’
; :
Remarks ohﬂmttinu . )
INS (D<0,01 “/n) MRS (D<S °/h)
s. Sectton 3.2.2.3; shove hunting frequency: Mo 3pacia) means ie- y
rectify:ng if "o and ug are correlated: ired for suppressing :
g < 1%\ this effect
o 0 ) Oy & 0 < 1T/8) i
U’;o-‘—ﬁl-(lo cosy + la sing) ‘
* otherwise compensation, 4 i
s. Section 7.4.4.4 3 i
with Re and Im from Fig. 3.2.8; for 1es 3 :
above hunting frequency of 1 to 10 Hz: Re » -1
i
1
i) 5. Section 7.4.4.3.4; for 3/1 % 0.5, n = 160 Kz and &y o = 1 %/ (WES): ]
e giving rise to pseudoconing error on system level ’
Y
°
a2 B “';.o' 0.014 %/
_ L XA LR
{ cospensation recomsended o compensation
necessary
{ rectifying only if ug and wp o are correlated for (1-J)/1 = 0.5, n = 180 Wz and “x.o Gs -l ("Is)2
i 108%80 ) { . 0
] ot -—-—;—L cosy “l.ﬂ 0.014 Ih_
compensation recommended  no compensation
1! necessary
: Rectifying only if are correlated; requirement for closed- no demanding requirements
H w !un attribute loop transfer function for closed-loop

in direct and cross axis: transfer function

can be kept Tow with® hm )
) to scale factor ervor, s. Eq. (

Re or Im
< 0.6 !!.oﬂ!‘:_
ls

|
%1 i
T (5ol 0% " per ’ |

Spin-input rectification:

yine

'—l"‘g—ﬂs'(h cosy + Im i) Y 1.0 G < 1(7/s)

with fe and In = real and hu'lury part of gyro
ross-axis closod-‘loop transfer fu
T x/mx 0 . 5. Eqs. (3.4.21) ard (3 4 23).

Spin-output rectification:

AT o 5 2105 £ i ST 7

%0n 28 s

. 54%.5 (Re cose + In simg) Y y

with Re and Im = real and imaginary part of gyro - X
direct axis closed-loop tﬂ:’ﬂ‘ function : I~ .

(8,1/%,1)-
s. [3. 10} and [3.58); in DTG espectally due to ¢
twice spin frequency sensitivity f

b) sin (2wft) for a second gyro ina s "l
- _ - ystom; s. Section 7.4.4 for the computation of :
0,1 60'1 1.0 this pseudoconing error at system level o Tk

Gyro (Free-Rotor Type and Dynamically Tumd) in A Strapdown Envirorsent
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3.3 The Use of Sim -F SOF [ 1 lar Mats Sensors amd 111zat1

3.3.1 Dynamicy of the SOF Gyro

The SOF Gyro shown with elastic restraint snd damper in Fig. 3.1.1 and 3.2.3 has angular freedem adout
the y-axis only (ol = 0) and we will evaluate this component from Eqs. (3.2.22 ff.).

The restraint torque Na 1s composed of the spring and demper torques as shown in Fig. 3.1.1.

W) = -Key - Chy, (3.3.1)

which we introduce into the remaining part of Eq. (3.2.2:&6'@-‘»!-.9 some tarms into the effective spring
coefficient K', we obtain as parformance equation of the gyro:

(d P2 + Cp + K')og = Hlug = B) + WS = H(w; = &% - D) (3.3.2,0)
where u;p i3 the tnput signal including its errors 1isted in Tables 3.2.1a and b and o is the command rete.
The ef xctive spring coetficient is:

K ekl ef (1o %) ug + (g - Jl)(ug LR TR] (3.3.3,b)

This term depands on the vehicle's dynemics as does the gyro's scale factor regardless of whether X is
the mechanical spring coefficient or the gain of the recalance loop (electrical spring coefficient). A
high Toop gain minimizes this dependence as shown in Table 3.2.1b, Row 4 (5. also Section 3.3.3.2),

For very high frequencies the compliance of the gimbal support and the gimbal bearings has to be taken
into account and provides the SOF gyro with additional freedom about the input axis.

Introducing into Eq. (3.2.22) the restraint torque about the input axis
LA SN (3.3.4)
one may show that the performence equation of the SOF gyr- is affscted in two aspects:

- ffective moment of inartia of the sensor about the output axis is changed (. [3.1], Chapter 6,
and ?3.9]. Chapter 5):

3 = 3 + WA (3.3.5)
- and the gyro float may carry oyt am oscillation with respect to the case about the input and output
axes similar to the nutation oscillation of the two-degree-of-freedom gyro (s. Eq. (3.4.8)); the ma-
ral frequency of this oscillation is:
U BRALE R )
ni 1 10
UL SN = . 3.3.6)
LAARRA %
MTM:ogsﬁ:\htion can in general be neglected, since in practice the gimbal support is so stiff that
() > .

In floated SDF gyros another effect takes place at high frequencies when the fluid couples to the “dry"
ingrtia of the float and increases its woment of inertia about the output axis. In [3.8], Section 6.3 this
phenomenon {s taken into account by introducing

Ja 9
#'#*m (3.3.7)
with v_ = time crnstant increwent due to fluid mass coupling. The text in [3.8] reads: !
Lisa€ - of dynamic fluld effects and is 1igible at frequencies below the inverse of the

nominal i.cecteristic time. It is considered basically due to the mass of damping fluid. The

to which che fluid mass s coupled-in depends on the gyro design and the flutd velocity and accelers-
tion at each point in the damping gup and is therefore also a function of the frequency of angular
accelerations applied to the output axis.®

We will discuss in the next three sections threes typical SOF gyros.

et o e el
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3.3.2 The Mate Gyro

As its name indicates, the rete gyro is used for measuring the angular rate of a vehicle. It has already
been mantioned that this can also be achieved with other sensors, ¢.9. rete integreting s with servo
10008, NOA-QYroscopic angular rate sensors or evew the lescr gyro. But the rate gyro provides & good com-
bination of simpliicity and accuracy.

In we find the cu.-awa. view of a rete gyro which may be representative for the great mumber
of ts of similar design of 7e.ed by the different memufacturers. The layout is similar to the sketch
in Figs. 3.1.1 and 3.2.3. .

In this sensor the rotor is mounted within a cansule which {s semi-floated. Paddles provide hydrodynmmic
damping which can be held constant over a wide temperature range by means of a mechanical bellow-controlled
compensation, where gaps between paddles, affecting the viscous torque, change due to the temperature.

e A A it

A M, B | B oot A D L AU e

Outer dimensions: length 51 mm, diameter 24 wm.

Fig. 3.3.1 The Northrop GR-65 Sutminiature Rate Gyro

In the nu&yro the elastic restraint is predominant and we obtain from €q. (3.3.2) in the Laplace do-
main(marked with =) if in K' (s. Eq. (3.3.3)) the terms due to the vehicle's dynamics are neglected (K' = K):
a WK

. -at- 0. 3.3.8 j
% " /sl + (/e G- 0 (.38

Except in the turn indicator where 8y s divectly usad to move the hand of the indicator, the output !
angle is converted into a voltage U as a2 medsure for the input rete wg:

) X i
ues % ses'y (3.3.9) %

whereby S =actual scale factor of the rate gyro. Based on the nominal scale factor $* which may be in error '
by « with respect to S, the vol u is evaluated on systam level to obtain the messured angular rete u . !

so we find as transfer function of the rete gyro including the error torms: . ]
. ¢ [ .
N o +* R - -~ =
- s s T I - - D), .3.
T es'ias(1ex)l (Ln') ’_;%*l(“g @ ) (3.3.10) -
for which the different symbols and characteristic figures are presented in Table 3.3.1. F . shows ‘
a detailed and a combined block diagram for the rate !yn In we find the normaliz POQUENCY . i
plot for any second order x;ct- dascribed by Eq. (3.3.10), where tatural fraquency and the dammping
ratio correspond to Eq. (3.2.38). :
The accuracy of the rate gyro depends to a large extant on the stability of the mechanical spring and the

pickoff plane. Thus the accuracy is limited and in geners] one may ignore the error model in Table 3.2.13,b
for these instruments. From the standpoint of high signel to noise ratio a wesk spring in the rate gyro
would be desirable(Ey. (3.3.9)).But with & weak spring the cross coupling in the effective elastic re-
straint Eq. (3.3.3) becomes more dominant and the sensor's scale factor cha with the angular motion of
the vehicle. Gyros for measuring angular rates with high precision must therefore Mve an *slectric spring”
which allows a good sigael to nofse ratto (<105) and keeps the cross coupling low: The problem of Algh qua-
11ty rate measurement will be discussed in Section 3.3.3.
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| €ig. 3.3.2 Detailed and Combined Block Diagrem for a Rate Gyro
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Fig. 3.3.3 Frequency Response of a Second-Order-System ‘ ;
Paramater Units Characteristic Nomenclatyre ‘ .
Yalue .
 max Os 10 to 5000 maxisum input rate i i
“uin %s 0.01 to 0.08 threshold and resclution ' { >
! ! )
- L of applied rate 0.1 hysteresis . o ;
- 9s 0.1 to 0.5 zero offset g .
W % /9 <0.1 disturbance torque (mass . S
v oﬁ"' unbalance) |
s =r (°/8)N adjustable scale factor ; :
I M . (%/3)/(red/s?) 0.1 angular accalerstion sen- i
sitivity . %’
- (it He 10 to 120 mtural froquency g -
¢ = /() - 0.1 to 1.0 typical  dumping ratio ‘ i
1
Table 3.3.1 Paremeters and Figures Specifying & Rate Qo
B
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In general rate gyros do not have a torque tor except for self-test-purposes. Some mamfacturers
of rate gyros offer a gimbal torquer and/or n motor detection for self-test as options. These options
are very useful in aircraft control loops as in blind landing systems which require high reliadility.
The rete gyro equipped with a torquer will react to & torquer curvent in a fashion similar to an input an-
ular rate. In this way gimbal freedom, downstresm electronics and system response can be checked. spin
rotor detector measures the a:uhr speed of the rotor optically or inductively. Thus the functioning
of the sensor can be tested and in case of any fatlure the electronics can switch over automatically to

the standby gyreo.
3.3.3 The Rate Integrating Gyro {(RIG)

The rate mtqntin’ gyro is similar to the rete shown in Fig. 3.3.1 (lorthng GR-65), but without
the spring restraint. It 1s used as a stabilization ce on attl reference platforas or inertial
platforms or as a strapdown rete sensor. In the former application it Ms been replaced in recent rs
the tuned gyro because of certain advantages of the latter which will be shown later (s. Section 3.4.4
ét is used in systems of very high accurecy such as marine tystams. Efforts have been undertaken by the
harles Stark Draper Laboratory and Northrop to develop it as the “Third Generation Gyro TGE", 1.e. in its
most accurate version for strapdown space application. In the application as & strepdown rate sensor the
RIG s equt with a control loop from the pickoff to the torquer in order to keep the pickoff |n?lo )
near 2ero. Since the servo 100ps and especially the dynemic enviromments are different in both spplice-
tions we will discuss the corresponding RIG performance separately.

by
).

3.3.3.1 The RIG for the Relatively Benign Platform Environment

In the platform environment we may neglect in Eq. 53.3.2) all errors due to angular rates and vibrations.
With zero elastic restraint (K' = 0) we obtain the following performance equation of the RIG, where D in-
cludes only the error terms listed in Table 3.2.1a:

)
fdee g u-atag-dt-o (3.3.11)
Defining as RIG transfer function in the benign platform environment:

6(s) = ;nﬁc—sTT,- » (3.3.12)

the RIG performance squation reads in the Laplace domein (marked with ~):

8 = 6(uy = &t - D). . (3.3.13)

t
The untorqued gyro (w' = 0) with zero drift (D = 0) and zero time Yag (J,/C = 0) {ndicates the angular ro-
tation of the case vith( respect to imertial space: °/

%‘%%' (3.3.14)

Thus the RIG can be compared with a bevel gear, the input shaft of which is fixed to inertial space. Tw
gyro gain H/C corresponds to the gear ratio of the bevel gear.

Fig. 3.3.4 shows the cross section of a rate inugratingnayn for use on platforms. The rotor is enciosed
tﬁ!‘ﬁr‘i‘ﬁcnl sealed gimbal (float), which is supported by a flotation liquid (e.g. f1 lube F 55;
at 71 oC, the usual operating temperature of floated gyros, the specific weight vy = 1.815 g/cms). The gimbal
supports - thin pivot/jewel bearings or magnetic suspension in high precision instruments - are thus relieved
of the weight and the can sustain very high shock accelerations. Through this bwtnncy the friction in
the gimbals, which would cause drift, is corves iggl low. To further reduce friction of pivot/
Jewsl bearings, the jewels may mimm Honaywell GG 4{. They are mounted in a plezoelectric ceramic

disc polarized in the axial direction, The dither excitation frequancy is high (e.g. the same as the spin
motor frequency). The pivot to jewel friction is thus reduced by 10 : 1.

The flotation 1iquid has stil] another purpose. In the narrow gap between float and case (approx, 0.1 mm)
it ensures heavy damping of the 'yn. 30 that the gyro gain H/C in Eqs. (3.3.11 and 12) is in the order of
wagnitude of 1. The current supply from the case to the float takes place via very thin leads, the so-cslled
*pig-tatis®. The latter have a diameter of 1/10 of a men hair, that means within the magnitude of 1m. In
high quality gyros the enargy transfer is done inductively. as showm in Fig. 3.3.4.

The state of buoyancy, i.e. the friction forces in the pivot/jewel bearings, the dﬂiny constant C and the
torquer scale factor ara sffected by temperature changes, and a good temperature control is in general
a prerequisite for obtaining accurate results from the RIG. For many applications this might be a hindering

factor. There are RIG's ¢n. the market in which the damping coefficient is constant over a wide temperature
renge. Means to achieve this goal are [3.4):

- the use of silicone Fluid with 0.9 ga/cm3 density and a virtually constant demping over a temperature
of -45 9C to 115 OC,

- the use of a bellows-controlled demping mechantsm.

The ture sensitivity of the torquer scale factor is a more severe proolem in strapdown gyros amd is
discussed in Sections 3.2.2.6”0# 3.3.3.2.

The design of the rotor bearing requires special emphasis. Any shift of the rotor causes a change in mass
unbalance, 1.e. gyro drift. For inertial quality the rotor bearings have to be stable within 0.4 1m as
stated by the Eqs. (3.2.28 and 29). They also have to be designed as isoelastic as possible. Special bal?

e,
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Fig. 3.3.4 The Delco ACSS1G Rate Integrating Gyro for Use in the Carousel IV-Platfors
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bearings (3. Section 3.2.2.2) and hydrodynamic pas bearings are uted for this purpose. Mith the latter,
the running 1ife is theoretically infinity. Contact batween rotor and stator occurs only during start-stop.
l:‘ special materials (steel bonded cardide or high density ceramic surfaces) allow start-stops exceeding
10% without reduction in performance.

For keeping the time constant Jo/C Yow and for reducing the weight of the float (mass mlom* many
manufacturers prefer the “moving coil” tors where the hedvy permanent magnet is case-fired
and the coil 13 mounted on the float. Ref. [3.1], Chapter 14 gives more details on gyroscopic design.

Table 3.2.1a shows us that the SOF gyro has better performance with the output axis in the vertical (s.
Rows 2 and 3) and on  a platform the for stabilizing the horizontal axes are mounted in this fashion,
leaving the gyro for the azimuth axis with highest drift rate in general.

We will come back to the use of the RIG for the stabilization of platforwms tn Chapter 5. Table 3.3.2
summarizes some details on RIG's for platform and strapdown application,

3.3.3.2 The RIG for the Strapdown Environment

:ccording to Eqs. (3.3.2) and (3.3.3) the RIG transfer function should read in tha strapdown environ-
ment:

1 1
G' - - . 3.3.15,b
® Ittt s e W (L e d)u e Ugapdlugeup)  IsS s Cs e ( )

In practice terms due to the vehicle's dynamics are treated as error terws as indicated in Table 3.2.1b,

Row 4 for the cross courlius term and the rebalance loop design is based on G(s) in Eq. (3.3.12). The open
loop input-output relationship reads in the Laplace domain (marked with ~):

8 = 6'[NS + M@y - D). (3.3.16)

For angular rete measurements a rebalance loop Fis) {s implemanted from the gyro pickoff to the torquer
as indicated in Fig. 3.3.5; this will be discussed in more detail in Chapter 4. For conveniance we put in

Mysics of Ribelance | st | Evolustion e
s.".'!'."..o."'.!?'u.. the Rater Ierier Oynemics Lo mImlm
i o b _(ﬁf)‘ %
g -As)
L
w . 1 1 %
-] ' T 0
i
= K
3 4t ‘ -4t

!

Fig. 3.3.5 Block Diagram for m Rate Integreting Gyro Plus Rebalance Loop

Fig. 3.3.5: F = S* F* with $% « actual torquer scale factor (s. Section 3.2.2.6). Ve now introduce in Ea.
Eq. (3.3.16):
R« F(s) 8= -stF(s) 0 (3.3.17)

osed. ) ickoff angle 0,, the torquer current | and the measured angular ratew = - S R 1 =
‘:"g“u”(:}th S ?:-gml gyro”gcalo hctor. R = measurement rasistor, s. Section 3.2.2.6) become:

W, - D -
& - Ué:lTF—) (3.3.18)
-FN(3, - B)
R 3.3.1%
SH(1/G' ) ¢ !
. -(u-e)r-(w‘,:w,-uu)%. (3.3.18¢)
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with « = gyro scale factor error (s. Section 3.2.2.6). This shows us that the affective gvru scele factor
depends on the product G'(s) F(s) defining the bandwidth of the sensor which can be up to 100 Mz. Only for
G'(s) F(s) » =do we obtain the desired output:

Wow (1 4x) (u - D). {3.3.190)

For low input frequencies (3+0) with no angular rate about the sgln anis of the gyroé‘u; = 0) €'{0) ¥s
large (3. £q. (3.3.15b), and the above mentioned requirement G'(0) &0) + = ig met and thus the angular rate
measuresent becomes independent of the rebatance loop's gain F(o) = K,

For w, # 0 the gyro scale factor changes according to:
W (1 x) (m:?,)(.., -0) (3.3.190)

as indicated already in Eq. (3.3.3). A high rebalance loop gain K keeps this effect 10w, a3 mentioned in
Table 3.2.1b, Row 4. The RIG rebalance 100p includes an integrating network, in general whose gain grows
with decreasing input frequency.

The block diagram for angular medsurements about two axes by means of two rate integrating gyros with
rebalance loops 1s shown in Fig. 3.3.6. The two-axes measurement is shown here for better comparison with
ml'-of-'!'ﬁodu

the application df a two (TOF) gyro for this purpose, whare only one sensor is needed
(37 F1g. 3.4.4). This will be giscussed Tater. )

: <
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Fig. 3.3.6 Angular Rate Measurement About Two Axes by Means of Two Rate Integrating Gyros

As mentioned in Section 3.2,2.4 the gimbal bearings of RIG's in stre tems are al subject to

fgr::;.m? uilqy‘hqn ':: h‘mdo:iigm:“ corv?cspondingly. or a high dynamic Dmro‘v’n'nt the gim'v‘suspbo"mion

0 s is emented w thered jewel Learings (Honeywell GG 8200 A), with ball bearings ‘Hamilton

i::r:u::tl:l %0 O.tiu;nhﬂl Lear Siegler 19?3) ‘::"Suﬁ taut T::n susmic)u'l {Northrop m-S'IT. One of the
critica rts of all strapdown gyros is torquer. t?mmofmtomrscaoﬁcnwhs

already been s in Section 3.2.2.5 and in Tables 3.2.1a and 3.2.22. Its limrig :-1: to be within

ons {

10 ppm if the RIG is to be used in a strapdown INS (s. Table 3.2.1a, Mow 5). hef. gives interestt
details on torquer design for this agpuution and mentions that its tamperature s ivity is 420 .
As a consequence of this prodlem RIG's for stre use must have an excellent thermocontro! or means to
compensate this effect, reby it has to be ta into account that the torquer current is fonal to
the input rate, i.e. the corresponding enargy fed into the sensor changes correspondingly. This can be im-
proved with digital caging loops, s. pter 4. It has alresdy been mentioned that electronically rebalanced
rate integrating gyros or double rate integrating gyros (s. Section 3.4) are more accurete for msasuring
u\rlar rates thar the conventional rate gyro. For angular rate messurement the rete gyro's accuracy may be
sufficient, but if the angular rete msasurements are used for the attitude computatiom as in strapdown
systams (3. Section 7.4.4) the electrically rebalanced gyro has to be used.

Ia Table 3.
"

3.2 the main charecteristics of some RIG's are listed which be rded 33 representative
n this field. Fig. 3.3.7 shows the cut-sway view of & mtuﬂtnurz‘\ Qro.
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Fig. 3.3.7 The Steinheil Lear Siegler Rate Integrating Strapdown Gyro 1903-HJ

3.3.4 The Double Integrating Gyro (DIG)

If the flotation fluid in the rate integrating HN (s. Fig. 3.3.4& is replaced by flowingy air, we ob-
n

tain the double integrating gyro, shown schamatically in Fig. 3.3.8.

tics of this sensor we will follow [3.9] Chapter 13,

GAS BEARING

PRESSUNE SUPPLY

PERMANENT

MAGNET 3 : WL saLancinG cross
ST~ ANGULAR
0 ST
FLEX LEADS
TORQUER COIL H
| FIXTURE
PICKOFF
FLEX LEADS
ADJUSTMENT
HOUSING
FLEX LEADS priv

| SPIN AXKIS

Fig. 3.3.8 Double Integrating Rate Gyro Schematically and Calibration Principle

the discussion of the characteris-

The transfer function of the DIG in the Platform enviromment (negligible angular rates and vibrations)

can be easily derived from Eq. (3.3.2) by putting C = K = 0:

H
6(s) = -3 .
! Jos
With this relationship all the forwulae (3.3.13 to 19) derived for the rate 1ntegrat1ng g,yro in the
plﬁ:o:n ertuurglizent {s. Section 3.3.3.1) and in the strapdown enviromment (s. Section 3.3.3.
va or .

(3.3.20)

2) are also

[ U
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As to the drift terms, Tables 3.2.1a_and barealso applfcable to the DIG with the exception of the error
terms due to fluid effects (e.g. Dy u?). New error terms arise from the flowing air, which causes turbine
torques depending on the applied acceleration (s. [3.9] Chapter 13), i.e., they are similar to mass unba-
lance drift. A typica) drift due to turbine torques can be 0.8 9/h/g.

The DIG 1s at present applied only to the stabilization of inertial platforms, but has not found the
broad utilisation as the RIG, though it offers the following advantages:

- g

- :h: n¥drostat1c gas bearing of the precession axis or output axis provides a complete lack of solid ;
riction;

- no problems arise for designing the gyro float for the state of buoyancy and controlling it to this
state, i.e. as compared to the floated gyro, discussed in the previous sections and consequently:

¢ heavier materials can be used for the gyro rotor of the DIG thus making it possible to obtain a 5

greater angular momentum for the same diameter; .

¢ there is no requirement to operate the gyro at a fixed temperature (thanks to this advantage, an op- )

B timum temperature can be chosen which is most suitable with respect to the total system and the en-

t K viromem:‘al conditions) and the temperature control need not be as precise as with the floated 4
gyro; & '

0 211 measuring and adjustment elements are freely accessible: the gas bearing gyros require only a
; cover for protection against dust and externmal electric and magnetic fields and not the hermetic
; sealing of gyros with fluid flotation.

(v On the other hand there are the following drawbacks of the hydrostatic bearing:

- 1t is necessary to have available compressed gas which has to be fed to the sensors through the
bearings of the platform gimbals, unless each sensor has its own pressurized gas supply; and

- 'f:hetassociated servo loop is somewhat more complex on account of the absence of a mechanical damping 4
: eature, -

LR

One would expect that the float support by means of the hydrostatic gas bearing of the DIG 1s fairly
soft and the following effects discussed in Chapter 3.3 become significant:

- the increase in the effective moment of inertia about the output axis due to gimbal support compli- f
ance (s. Eq. (3.3.5)) and nd 3
_ - ?gesog?;nnce of a float oscillation within the case at a fairly Tow natural frequency w  (s. Eq. i
E .3.6)). s .
',} Values obtained from tha above mentioned formulas for the gas-bearing gyro GWK 28 are listed in Table E‘_;«j ! !
i 3.3.3. This gyro is-a smaller version of the GNK 38 discussed in [3.91. Chapter 13. The figures laid down 34
Tor 1t were taken from a unpublished report of the Teldix Company, Heidelberg. Though the effective moment i)
] . of inertia J, 1s doubled, the natural frequency whl of the float oscillation within the case is above the 3
ﬁ o range to cause problems. ;
i ‘
| H (gw cn?/s] 2.94 - 10° _ §
2
Jo [om o] 98.1 ;
Iy [om oo 141.3 ! \
Ky ldyne on/rad] 8.83 - 108 ;
, J(',/Jo : 2. !
s !
, !' o (Hz] 562.4 :

Table 3.3.3 Effact of Gas Bearing Compliance of Float Support in
the Teldix GWK 28 Double Integrating Gyro on the
Effective Mowent of Inertia and Resonance Frequency

5
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3.4 The Use of Two-Degree-of-Freedom Gyros as Acgular Rate Sensors and Stsbilization Devices
3.4.1 Dynamics of the Gimballed TDF Gyro

The gimballed TDF gyro shown in Fig. 3.1.1b is used

- as an unfloated gyro with heavy gimbals supported by ball bearings in vertical and directional refe-
rence instruments (VG, DG) and

~ as a floated gyro with 1ight gimbals supported by pivot/jewel bearings in platform systems.

In both cases the rotor moves very little with respect to inertial space and for the derivation of its
dynamics we may discard all terms in Eq. (3.2.22) due to vibratory inputs.

In general the TDF gyros are used without elastic restraint. ing is caused by the flotation fluid or
friction in the bearings and we assume as restraint torque in Eq. (3.2.22):

é
N oe-n [ I (3.4.1)
8 .
resulting in the following performance equation of the gimballed TDF gyre:

(le + C) H -Jip -H
&~ o] (ut+ D) : (3.4.2)

-H (Jop +C H -JgP
where the skew-symmetric “unity-matrix" is defined in Eqs. (3.2.10a,b).

The vector D contains all the drift terms listed in Tahles 3.2.2a and b except those due to scale fac-
tor error « (Table 3.2.2a, Row 8) and angular acceleration (Table 3.2.2b, Row 2).

For D = gt = 0 and C = O we can obtain one solutfon of Eq. (3.4.2) by inspection:
t
Bl'o(t) = 91'0(0) - £ Nl.o(f)df (3'4'3)

which shows the characteristics of the “free gyro“: as the rotor stays fixed with respect to inertial
space, the pickoff angle wiil be cqual to the initial pickoff angle minus the time integral of the angular
rate of the case with respect to inertial space. This can Le seen from the straight upper and lower bran-
ches of the block diagram in Fig. 3.4.1. As compared to the rate integrating gyro discussed in Section
3.3.3, which also indicated the angTe of the case with respect to inertial space (s. Eqs. 3.3.13and 14)),
the TDF gyro does it with a ?ain identical to unity and no time lag. In principie this output i. indepen-
dent of wheel speed and stability of viscosity.

Fickoff angle

X Physics of the y ;
input Signals | cl e Rotor Interior Dynamics Kinematics
M L
N + 5
™ 4 ] s -]
_jls "( jl sef )
-4 . ={45+0)
Uo _'_ L %
- 0 s [
N y Nt

Fig. 3.4.1 Block Diagrem of the Two-Degree-of-Freedom Gyro
We define as TOF transfer function:
(ds + C)s Hs
~Hs (g8 + C)s

G(s) = (3.4.4)




e e
; 4 v
,‘ :
and as undamped TOF transfer function:
' o £ 6" (s) L &(s) (3.4.5) 1
‘: - = & ' ,
(I s 38 |o-o : A
a § : .
f & 50 we obtain as TOF_performance equation in the Laplace domsin (marked with °): i ‘ ‘I
| seghlEt  enj @D aemg]GEEeD, (3.4.68,0)
; where ¢ is the angular displacement of the sensor with respect to inertial space. For slowly varying com- H
: mand rates «t and drift rates D,Fq. (3.4.6) reduces to i
} ‘” é = 'ﬂ’ + 2t + D {3.4.6¢) ;
2 In the Eq. (3.4.6b) we have put sg“g'l - *. 1.¢. we have assumed that the gyro float will not be af- 2
: . fected by the motion of the case, s 1s realistic, since the damping in floated TOF gyros is low, e.g. H
’ ¢ = 20-3 for the Litton 6-200 (3.13] .
] Any stepwise command rate will stimulate the interior dynamics of the TOF gyro. Its characteristic equa-
. tion: :
i Lo @ E2+Bse1]e0 (3.4.7) {
") w ’;
' 81lows us to obtain the eigenvalues s3 to sq of the TOF gyro. The first two eigenvalues sy 2 of the
bracketed term describe the nutation with the natural frequency oM and the damping ratfo ¢:
3
- €9y + 3p)
) . n H 1 1 (] 3
P o - =n ; - ; (3.4.8a,b)
S @ 372 3 9T 1% ’ ;
! the other two eigenvalues describe the precession, which are explained in Fig. 3.2.2.
L : 53,4 = 0 (3.4.9)
; The nutation frequency «" 1s in the order of magnitude of the spin frequency n. It is exactly equal to
4 1t if I = J; = Jj, 1.e. for a spherical rotor. ‘%
! . X
4 If all inputs are zero except for a step function in the torque about the O-axis, i.e. a negative com- ; ‘#
: E mand rate o} about the input axis, we obtain for the undamped TOF gyro (C = 0): . ;
’ =
‘ _ 8r(t) = -uf (t - L sin " t) £,
: B I 1 tn )
. J e
i on(t) til n, t, n n 1.4.10 X
& ) e (1 ~cosw t)« (ul/u M1 - cos w t), (3.4.10) 5
i i.e. a high frequency coning motion of the spin axis 1s superimposed on the contimious precession as shown @
% in Fig. 3.4.2. g
)
Fig. 3.4.2 Response of a Gimhalled Two-Dejree-of-Freedom Gyro to & Step Function 2 ) ﬁ
T in I-Axis Torque of O-Axis Command Rate B ]!
Assuming that the ratio H/C would be in the same :rder of magnitude for a floated TUF gyro as it is fora A P
floated nl:o (H/C = 1), wa son from Eq. (3.4.8) for J; = Jp tiat ¢ = C/H = 1, {.e. the nutation fre- 8

quency would be heavily damped. For the unfloated instruments, the engineer should slways bear in wind that L X 1’
the instrument may nutate (s. [3.1], Chapter 5.2). ;) !
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Fig. 3.4.3 shows the flosted gimballied TDF gyro Litef K 250 6 which is used for the platform stabiliza-
tion :!n the Litef PL-41 marine nav;antion system. It is equipped with hydrodynamic gas bearings for the ro-
tor. The ball bearing version (K 250 K) is used in the secondary attitude and heading reference systom
(SAHRS) of the Tornado fighter aircraft.

Fig. 3.4.3 Floated and Gimballed Litef K 250 6 Two-Degree-of-Freedom Gyro for Platform Stabilization

It seams likely that in new designs the floated TDF platform gyros wi'l be replaced wore and more by the
“dry gyros”. The former ones suffer from all disadvantages already mentioned in connection with the rate
integrating s concerning fluid, pig tails, gimbal and rotor bearings. The “dry gyros" and the “free
rotor gyros® have considerable advantages in this respect as will be shown in the next sections.

We will come back to the use of gimballed TDF gyros as vertical and directional references and stabilizing
devices on platforms in Chapters 5 and 6.

3.4.2 The Dynamics of the Free-Rotor Gyro (FRG) in the Benign Platform Environment

From the design viewpoint there are considerable advantages in the ungimballed TDF gyro, such as the
free rotor gyro (FRG) in Fig. 3.1.2a, as compared to the gimballed TOF gyro in Fig. 3.1.1b:

- the motor, the pickoff coils and torquer coils are mounted case-fixed, and

- "pig tails”, no gimbal bearings and no flotation fluid are required resulting in lower temperature
sensitivity and the fact that the drift adjustment can be carried out during the test.

But the free-rotor gyro (FRG) shown in Fig. 3.1.2 exhibits the additional error sources due to aerodyna-
mic effects as discussed in Section 3.2.2.5.

The performance equation of the free rotor gyro in the platform envirorment Eq. (3.4.2) Ms to be com-
pleted by the additional drift terms:

-4 S
o = ["n "m] : [91*“1] @411
-— S S . 8.
) ) % * %
These terms are also mentioned in the error model of Table 3.2.2a.
The FRG transfer function is:

2 -1
(Jy8° + Cs + Hd,,) H(s + dnn)
§(s) -[ ! o , . (3.4.12)
=H(s + dyp) {Jgs” + Cs + Ndw)
where we may assume:
dp=dg= 4. (3.4.13)
Therefore we obtain as FRG performance equation in the Laplace domain:
Gl tadeni@en s engi@en (3.4.100,8)

where G*(s) is the same as in £q. (3.4.5).

Eq. (3.4.14b) is unly valid for high input frequencies when we may lect the ing and the additio-
‘t terws in the FRG transfer function (s. £q. (3.4.12 and 3.4.5')‘? denping

In order to demonstrate the response of the FRG to an initial pickoff angle of ex(o). we assume in Eq.
(3.4.14a) ¢ << H, Jdv << 4 (with { = 1,0 and § = 1,0) and H(J] + Jg) >> "l Jo (clm + “01)' The resulting
characteristic equat

nat dri

UP wu) be approximated by:




o 3
Gy :
- s S
; A m
|
[
4 ’
- 5
} J; I 2
; % ~ 2. {_'?9 N iz [6(9; + 3g) = 3; g (dpy + dg0)] 5+ 1) [s° + (67, + dgg) 5 + (dpg 81y + 410 d01)] g
¥ (3.4.15) 4
. P where the first bracket on the right hand side describes the eigenvalues of the nutation whoase damping has
. 5 decreased due to the direct coupling drift and the second bracket describes the ssTon due to the di-
rect and cross coupling drift rate. Increasing damping in precession causes docms%ng damping in nutation

[3.13, 3.14]1

Concentrating-only on the slow motion we assume zero inertia, i.e. 2zero nutation, and find with d" -
dgo 80 dpg = doy:

R
B

-t

~t dy 1
8;(t) = 0;(0) ¢ cos dm t 9(t) = ~0;(0) @ sin dyo t

§,(0) = -6;(0) 4y, 8o(0) = -0;(0) dy, (3.4.162,,c,d)

.e. the FRG rotor carries out a coning motion which spirally converges to its equilibrium. According to
3.5] the time constant and period of this motion for the Autonetics G 10 B FRG are:

1
, Ty = Vg = Tog = 50 s Tio = Vdgg = Top = 5 s- (3.4.173,b)

i This shows us that the direct axis .torque or cross coupling drift can be serious in an FRG designed in
: a fashion similar to Fig. 3.2.11. As compared to the gimballed and floated TOF gyro the FRG exhibits the
additional drift terms mentioned in Table 3.2.2. The other drift terms are alike though the physics which

produces them may be quite different.

3.4.3 The Dynamics of the Free Rotor Gyro (FRG) in the Strapdown Enviromment

Though for the time being no FRG is used to the authors' knowledge as a strapdown gyro in a rough envi-
| ronment, we will briefly discuss the steps which have to be undertaken to do so. The reason for this dis-
o cussion is not purely academic, because the dynamically tuned gyro (DTG), which ideally operates like a
FRG, is used at present in quite a number of strapdown systems. We will regard the FRG as a reference for
the DTG, which is discussed in Section 3.4.4.

For the derivation of the FRG performance in a strapdown environment we will follow the logic of Sec-
tion 3.3.3.2. In an FRG we often find Jy = Jy = J = 1/2, which we assume in the following. Based on Egs.
{3.2.22) and (3.4.11) the FRG transfer function should read:

i O SR AIN 1551 MUt AN e Rt iR L A B R SRS At B i i

324 H (ug + dgp) + 3 (2 - o) (W + ) s + Bdgg + J(og - ug wg) + I3]”
S+ 1) s - Hdpp =0 (g - wpog) = 5 9524 M (ag +dyg) +d (2 - F) (3.4.18)
' - ' In practice the rebalance loop design is based on the undamped TDF transfer function G"(s) of Eq. (3.4.5)

in general, and the additional terms in £q. (3.4.18) are added to the drift as shown in Tables 3.2.2b.
We thus may assume the following opan-loop input-output relationship for the FRG in the Laplace domain

§'(s) =

1 : (marked with =), which is similar to Eq. (3.4.14b):
! Be-seg@en]b. (3.4.19) :
For the angular rate measurement, rebalance, loops are implemented from the 2 pickoffs of the gyro to the ,
2 torquers as indicated in Fig. 3.4.4a ., where we have introduced for convenience [ = ;‘[‘:
e pls 3= S5E(9 6 (3.4.200)
L ;“ with F and ' as matrices for the Toop electronics and §t as matrix for the actual torquer scale factor: !
“ t N ;
fi Fro e | ST 0 fi  Fio i.
E(s) = - el E'(s) = . (3.4.20b,c,4) i | :
- - b
For  Foo ° 5 For foo | P |
So we find as vector for the closed-loop pickoff angle: '} i
s=-(l+g B @-ng [D. (3.4.21) L
Both components of this vector become decoupled from each other if we meet the following condi- N
tion in the rebalance loop (3.4.20b) [3.15]. 1
s s oo
Frr = Foo = 31 Fio = 35 For (3.4.220) \ b
or :
: Fe g st 3.4.22
£(s) = gz [§°(s)) (3.4.225)

where «" = H/J = nutation frequency as mentioned in Eq. (3.4.8a). Tha decoupled closed Toop FRG transfer
ﬂ:ucb:‘i:ons for the pickoff angle vector o, the torquer current vector i and ssasured angular rate vector
g one:
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é‘t;ﬁ%m(j!‘"ﬁiig)
T G Rt a-n il

Fegierei-dHR U0 iETE-1D (3.4.238.,¢)

where w = §; fonowing the, course of Section 3.2.2.6,we have introduced as resistor matrix §, as nominel
gyro scale factor matrix § and its error matrix « (§° 3. €q.(3.4.20c)):

[# o - 0 -[sy/(Ry)]” . 853/Sy - &Ry/Ry - S/ 0 ]
1o Ro| s o F o ssp/sy - my/Ry - s
(3.4.204,0,¢)

Figs. (3.4.4b,c) show in comparison to the coupled FRE in Fi? 3.4.4a the block diagrams for the pickoff
angle components and the output signal components of the decoupled FRG, the former being truly decoupled in
both axes, whilst the latter are coupled via the angular accelerstion sensitivity of the sensor. In their
structure they correspond exactly to Fig, 3.3.6 showing the use of two rate-integrating gyros sklszmor the
angular rate measurement about two axes. But they reveal an additiomal advantage for the use o for
this purpose: in the decoupled mode the FRG dynamics are reduced to (s. Eq. (3.4.5)):

G(s) = - prl (3.4.25)

i.e. the FRG acts as an idea) integrator, whilst the two RIG's in Fig. 3.3.6 act as integrators with tim
lag. But this advantage takes effect only at very high frequencies.

A o

o

AR R G

g FISATY
A

e

v

e -v@‘i;’?‘f;‘-,’:?

P
T

e

e -

The reason for the decoupled FRG axes lies in the fact that the nutation is not excited by the input
angular rate, due to proper cwensatiou in the rebalance loop. In order that this compensation is “proper®, ) ,
the FRG parameters (nutation frequen 2 have to be exactly matched in the electronics, which is difficult ]
to do. lf the decoupling condition (3.4.22a) is not implemented exactly:

PRV

”

the damping of the nutation is directly affected. The requirement for stable nutation is:

e>0. (3.4.27)

i Let us once more cast a glance at the output signals in Eqs. (3.4.23a,b.c) of the FRG with decoupling
i in the rebslance loops. For constant input rates (s + 0) the output signals are:

EL‘Q)

§

. $

: Fro = Fog = (ve) & Frg = (190) § g (3.4.26) : i‘
l

-

1 H§H V] w-0)

@ e ([ +g) (u-0), (3.4.282,b,¢)

showing that only the pickoff an*los tot not the output signals,depend on the ?lin K of the loop. By gutting lﬁ
integrators into the loop, the ckotf angles are driven to zero for constant input rates, thus lower
the corresponding drift rates discussod in Bble 3.2.2b, Row 4.

BT AR P L

> Phe

For input frequ«ocies exceading the bandwidth of the sensor, which is in the order of magnitude of 50 to
100 Hz (-3 db), the rebalance loop will be blocked (F + 0) and the gyro will react 1ike an uncaged sensor:

[

=0

o =0, : (3.4.29)

Lot us close the discussion on the use of an FRG as angular rate sensor with an additional hint at the
rebalance Toop layout. Since the pickoff angles are measured directly at the spimni .a rotor any manufactu-
ring intolerances will modulate the pickoff output signal with the spin frequemcy its harwonics. Notch-
filters are recommended to filter out the noise and prevent rectificetion in the closed rebalance loop.

The itams discussed in this and the former sections apply in principle also to the dynamically tuned
gyro (DTG) whose peculiarities will be described in the next section.

3.4.4 The Dynamically Tuned Free Rotor Gyro (DVG) in a Platform and Strapdown Environmen

In platform inertial mavigation systems of the class 1 NW/h performance as used in civil and military
aircraft the OTG has achie tri t success. Invented by Howe and Savet at Bosch Armm Cﬂuu the
{dea was put into uss-productiw by the Singer Kearfott Company (Gyrofiex) and later also by a-uati
{0scilio Gyro) and Litton (Vibrarotor, nbngilbn) Because of the excellent exberience the enginsers had

with this sensor the Teledyne Systems Company was the first to use it for strapdown appliation (sos 5).
Kearfott, Litton, SAGEM, INCOSYM and Litef follmnd this line and the first flight test results of strap~
down systems using DTG's are promising.
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The principles of operation of varfous DTG's will be discussed using Fig. 3.4.5. The figure 11lustrates
three generations of dry gyros. In the early versions the gyro rotor was connected to the motor by means
of a slightly flexible shaft or Mooke's joint (Ferranti gyroscopic gunsight [3.2]). The torsiomal spring
torques cause the cross coupling drift rates dp and d” as discussed already in the previous section and
shown in Fig. 3.2.11. As we know from Eqs. (3.4.11 to 17) this cross coupling drift rate causes the spin-
ning rotor to precess in a cone, once it is misaligned from its equilibrium. Means to avoid this effect
v‘nu sought in implementing negative "torsional spring"-torques as with permanent megnets or proper caging
00ps.

The invention of Howe and Savet brought the mechanical solution: the Hooke's joint with proper mass
distribution, i.e. the gimbal suspension as shown in the center of Fig. 3.4.5. The forced motions of the
giml when the rotor is misaligned with respect to the shft, as more distinctly {llustrated in

P gtir gy

provide a negative net torque proportiomal to J9 o€ (J9 = gimbal moment of inertia and n = rotor
angular rate) which can be wadg to cancel the torsiomal spring torque proportional to the spring coeffi-

cient k by properly choosing and n.

= =

I ; Fig. 3.4.6 Motion of the Gimbal in a Dynamically Tuned Gyroscope
F:.g'.m St.':is shows also a DTG with two gimbals which has advantages from viewpoint of performance as will
ow. .

with ore gimbal (superscripis + | = 0) as compaved to the free-rotor (FRG, no gimbal, i.e.,
;t:pergc:igts k =1 =0, and no torsion spring coefficients & v 0) whose block diagram is shown in
g. 3.4.1, ’

The center of Figure 3.4.7 represents the dynamics of the rotor and gimbal in the shaft-fixed coordinate
frame. Me see the gyro dynamics in the forward loops and the coupling of both axes including the nutation
as indicated in Fig. 3.4.1 for the FRG. The direct and cross coupling drift terms, discussed in Section
3.2.2.5, Mave been included in the diagram under the assumption that they are symmetric (dyp = dog»

%1 * Y10}

N J . be s
: j The block diagrem in Fig. 3.4.7 (derived from [3.25]) allows us to discuss the performance of the D16

RS-
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The transformation of the input signals up o or Mp o from the case-fixed coordinate frame into the
shaft-fixed freme causes a modulation with the'spin fréquency n. The transformation of the shaft-fixed
angles &,y into the case-fixed angles g o is achieved by demodulation with the sa=e frequency.

In order to familiarize with this block diagrams let us use it to derive the already known characteristics
of the ides) FAG, 1.¢. we assume no damping (C = 0), no direct and cross coupling drift (Hdy4 = 0}, no
torsion spring constants (K, ., = 0) and no gimbal (no superscripts kand 1). The word "shaft-fixed coordinate
systen® is a bit misleading ﬂth FRE since the one s in Fig. 3.1.2 does not have one. We cling to
this definition by reason of convenience and assume that in this sensor the “shaft-fixed" 2-axis is al-
ways parallel to the motor axis and that the other axes are rotating with the spin speed n.

The dynamics of the FRG-rotor are governed in the shaft-fixed coordinate system by the eigenvalues:

S, 90 33,4 30 (:’; = 1) (3.4.30,b)
where § » /-1 and JF = 1 and 0F = O = J in agreement with Sections 3.4.2 and 3.4.3. The eigenvalues des-
cribe the spin frequency and t‘c nufation frequency diminished by the spin frequency (s. Eq. (3.4.8)). An
initial misald t angle of the rotor 67(0) is in the shaft-fixed coordinate system equivalent to the
initial conditions &(0) = 8y(0) and Q(o} = n &(0) and causes the motion

& (t) = o1(0) cos n t sy(t) = 0y{o) cos (n t + %/2). (3.4.31a,b)

This oscillation is seen in the case-fixed frame as a constant angle °l(°) as we would have expected for
the idesl FRG

Coming back to the DTG, this sensor with M sets of gimbals is "tuned® If the first two eigenvalues are the
same s for the FRG, 1.e. if the initial lisalimt angle em) reing constant - at least in the mean.
.16 H

The tuning condition is (s. [3.10], Eq. (11), [ and [3.1
’ : 172
+
ikt

— . (3.4.32)
9 .9 - g9
- AL AL

where the x-axis is al the torsion springs connecting gimbal and shaft, the y-axis is along the tor-
sion springs connecting gimbal and rotor and the z-axis is along the spin axis (8. Fig. 3.4.6).

If the DTG is not perfectly tuned the residual torsional torques cause a mgmossim. i.e. coning mo-
tion of the initially atsali rotor, which in principle is similar to the ¢ of the cross coupling
drifts dlgimd dgr in the FRS (s. Fig.ls.z.ll and Eq. 3.4.!6&.%;3 We obtain for the frequency of the

coning motion due to mistuning (s. [3.10], Eqs. (25). (26) and (
a_sn
W = s 3.‘.33
F, { )
with
énen- n n, = tuning spin rate
n = actual spin rate {3.4.34)
and the so called “figure of merit® (s. [3.10], Eq. (20)):
]
r
AR 9%
Fo® _— . (3.4.35)

LA
Ko - fa ~ Vi)

The higher the fiw of merit Stho order of magnitude of 800 is achievable, $. [3.18]), the wore the
DTG approaches the ideal FRG. The drift due to mistuning,i.e. the gradient of the coning motion at t = 0,
can be derived from Eqs. (3.4.16) and (3.4.33) as:

0,1 * 2 op,q(0) :-r? (3.4.36)

Because of the similarity of the effect of nistun:_m (3.053.101. Eqs. 25 to 28) and cross coupling drift
rate (s. Eqs. (3.4.1a.b)2 which is inhgrent in all ‘s and OTG's, the latter can be compensated by pro-
perly ch:v)ning n or &n, (s. also Fig. 3.4.7, where ud" acts in the same way as the torsiomal spring
torques K).

In this respect the DTG ls superior to the FRG, Routine adjustments to 0.002 °‘h/arc are made ?n stand-
ard ‘instruments and 0.0002 9/h/arc sec is achievable [3.19]. Compared to the FR6 discussed in the previous
sections these figures are lower by one to two orders of magnitude (s. Eq. (3.4.17)).

The direct coupling drift due to damping in the torsion springs and the other error sources inherent in
all FRG's (s. Fig. 3.2.11) cannot be overcome in such an clcrnt way. As in g m°mtin the case is
a means for reduction of damping, and corresponding drift values of less than 0.01 °/h/arc sec are achiev-

able. To prevent out-gassing of the bearing lubricants, the sensor is filled with hydrogen at a low pres-
sure.
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Fig. 3.4.8 Single-Gimbal DTG Pickoff Fraquency Plot for Different Input Sigmals
(e1der model of & Gyroflex; measurements filtered with first order lag, T = 0.7 ms)
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The two branches in Fig. 3.4.7 describing the rotor dynamics in the shaft-fixed frome are s tric for
the FRG. For the OTG with one gimbal they are asymmetric, since the gimbal moment of inertia ng:n in

the lower branch only.
In order to {l1lustrate one paculiarity of the asymmetric DTG let us estimate its response to an imn i

¢ :

! nigaligrment o,(0), similar to the FRG discussed above. We assume that the asymmetry causes an ampli

'f difference o(o‘.hc oscillations {n both axes of the shaft-fixed frame (s. £q. (3.4.3)): ;
: A 8,(t) = 8;(0) cos n ¢t s,(:) = 8;(0)(1 + ) cos (n ¢+ w/2) (3.4.37)

which transform into the case-fixed frame as:
Bpit) = ~oy(0) gsin2nt

oy(t) = 9;(0) [L + § (1~ cos 2n B, (3.4.38)

- i.e. & minute oscillation st twice the spin frequency is superimposed on the expected solution e‘(t) = oy{0).
frequency plots for a single-gimbal DTG with analog ]

| This i3 confirmed by comparing the two pickoff angle
o ANE. R . 3.4.8a the msasurements were carried out with no input

! rebatance ltoops shown in b. In
into the sensor. The spin 3 second and third harmonics are clearly visible. If the rotor

3
a
1s slightly tilted hy a pickoff voltage bias, the amplitude of the second harwonic is raised (s. Fig. 3.4.8b).

In (3.17] it {s shown that the asymmetric single gimbal DTG not only has the eigenvalues “:3"'%:.2‘ the

‘ { mutation o and precession wP but also eigenvalues at beat frequencies, i.e. 2n 3 w® and 2n & WP, ~-
tation £ ency cannot be seen in Figs, 3.4.82 to ¢; in the design of the rebalance Toops the Eqs. (3.4.26)

‘ and (3.4.27) have been observed.
imbal) or even of a third one, each 120° apart (Teledyne S0GS) ,

The addin% of a second gimbal (Litton v\‘bnz
causes syvmetric rotor-gimbal dynamics and in theory the complete reduction of the twice-spin frequency

sensttivity,
But with :{n single-gimbal DTG or the' multigiwbal DTG with gimbal imperfections the oscillation at this
frequency remains,and axcitations in the case-fixed coordinate frame of twice the spin frequency cause a

rectified drift rate. Examples for the excitations are:
- angular vibrations of the case;
- oscillating torques on the rotor due to an input from the oscillating pickoff angles into the reba- |
lance loops; and
- oscillating torques on the rotor due to linear vibrations from the ball bearings or from another DTG
running at the same speed when the gimbals and the rotor have direct or quadrature pendulosity [3.58],
For a detailed discussion on the origin of the quadrature pendulosity in the case of a crucitorm-type
Flaxure refer to [3.20}.

e ————— e

Formulys for the sensitivity of a single or multigimbal DTG to twice the spin frequency excitation are de-
rived in 13.10]. For the single gimbal DTG the Eqs. ?43) and (53) of [3.10] read:

- for an angular case vibration of
(3.4.39)

4" °l(°) sin 2wt
the OTG drift is:
Dy » -4;(0) "o %
N -
S A

whare "x.y = torsiomal spring coefficient of the inner, outer spring;

(3.4.40)

P —
————

e e T —

~ for a vibratory torque on the rotor of
My = Nl(o) sin 2ent
the DTG drift is:

% X
Dy = -Ny{0) .
1 1 'll-'; ‘K;*'E
These equations confirm again the benefit of a high figure of merit. From the viewooint of performance
this sensitivity at twice the spin frequency is the basic difference between the DTG and the FRG.

The sensitivity at twice the spin frequency is nonlinear since the gyro will react to an oscillatory -
input of a certain frequency w at the same frequency and at the frequencies 2n + w as shown in Fig. 3.4.8¢c, Do
where the sensor was excited with a sinusodisl pickoff voltage at 40 Hz behind The measyrement outgut.
Therefore conventional transfer functions do not describe exactly the DYG dynamics [3.16] and P.l
and the control engineer puts harmonic filters (comb filters) into the servo loop for the stabilization
of & platform with a UTG or into the rebalance 1oop if the DTG is used for angular rate measursments. These
filters allow the rejection of all spin frequencies and their harmonics which otherwise would circulate in

the control loop.

(3.4.41)

A e S P2 St s

(3.4.42)
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In the servo loop for nlatform stabilization comb filters prevent pickoff oscillations at spin frequency
(generated by ball besring imperfections) and its harmonics from exciting the platform with a corresponding
angular vibration. They cannot prevent the mechanical cross-talk between the two gyros - an effect which
depends on the mechenical compliance of the platform-gimbal structure. Since this compliance changes with
the angular nrientation of the platform with respect to the case, the DTG shows more or less a so-called
turnaround error, i.e. a drift changing with heading of an aircraft. A means of reducing this effect is to
operate of the two DTG's at different speeds.

The advantage of strapdown systems is that the compliance of the inertial measuring unit does not change
and the turnaround error does not exist. As long as the vibration is constant, the corresponding drift may
be compensated. This may be one reason why modern DTG's for strapdown use are again desigred as single-gim-
bal sensors, s. Table 3.4,.2a. Another reason is that modern flexible joints can be fabricated with small
dimensions resulting in a high figure of merit (up to 800, s. [3.18]). ValuaLle hints on their design can
be found in {3.18] and [3.21? to g.zaj.

With its three gimbals the Telodyne SDG5 gyro is an exception among the strapdown DTG'S, but one may re-
gard it as a forerunner of DTG's for this purpose.

The comb filters in the caging loop of strapdown DTG's also suppress the effect of pickoff-angle oscilla-
tion at multiples of the spin frequency on the feedback torque which are generated by ball bearing imper-
fections, rotor imperfections and oscillatory vibrations of the IM). Once the comb/notch filters are im-
plemented the DTG and the FRG should not differ from the control-loop-analysis point of view and the reader
is referred to Sections 3.4.3 and 3.4.4 for more details on its behavicur in a platform and strapdown en-

vircnment.
Due to the complex interior dynamics of the DTG its rebalance loop design is more complicated than the
single-degree-of-freedom (SDF) gyro. Also the implementation of range switching, i.e. the automatic switch-

ing of the DTG rebalance loop gain to higher values at high input rates, results in improved sensor perfor-
mance (s. Szction 4.3), but raises special problems (s. [3.23]).

Once the rebalance loop is optimized, the error budget of the SDF gyro, the FRG, and the DTG do not
differ too much in principle from each other (s. Tables 3.2.1a to 3.2.2b),

in summary the DTG compares in the following manner with respect to the floated SDF gyro:
Advantages of the DTG:
- two measurement axes with one sensor;
- fewer parts;
- no drift due to shift of the motor bearings;
- no "pig tails" because the motor, torquer coils and pickoff coils are fixed to the case;
- no flotation flvid, and correspondingly:
lower temperature sensitivity;
drift adjustment during test;
- no backlash and friction in the gimbal bearings.
Disadvantages of the DTG when used for strapdown angular rate measurements:
- design of the caging loop is more difficult;
- lower angular momentum required for high input rates.

This last disadv.anu?e arises because in the DTG the dimensions of the rotor and those of the torquer
depend on each othes (Fig. 3.1.2), in cgntrast to the SDF gyro (s. Fig. 3.3.7). Because of this Huitﬁ}ion of
construction the toequer scale factor _§ [d{n-cn/mA of the DTG is lower as compared to that of the S
gyro. To achieve a gyro scale factor S' = SU/H of the same magnitude as the SOF gyrc, the DTG has to run
at a lower spe«d (s. Tables 3.3.2 and 3.4.2a). An exception is again the Teledyne SDG-5 which has a very
high angul»:- momentum, but this sensor has a low gyro scale factor and requires a very high torquing power
at high input rates (=1 kW at 500 9/st).

Fig. 3.4.9 shows the cross section of the Litton DTG “Vibragimbal" family G2, G4, G1200 for use on plat-
forms (LTN 72, LTN 71, LN 33, LN 40). In Fig. 3.4.10we see the Litef K 273 DTG which is the sensor in the
strapdown attitude and heading reference System LTR-80. Finally, Table 3.4.2 summarizes some details on
DTG's for platform and strapdown application.
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Ferranti Incos; Litef Litton Sang Singer Singer Teledyne
Parameter Oscillogyro Incofiex K 273 G-6 . D Kearfott Kearfott SDG-5
Type 14 DTG No. 7 Conex Gyrofliex
Weight {gm) 227 100 250 400 130 140 275 <1045
Diameter [mm] 42.6 25.4 38 4% 1 kJ 54 76
Length [mm] 44.1 38.1 49 38 34 45 46 76
Spin Frequency
[hz] 175 160 180 100 180 200 240 100
Angular Momentum
H [gm-cn?/s] 1.3-10% 2.8.10 8110 1420 2.7:0' 18205 1108
Moment of Inertia
Spin Axis
[gm-cn?] 25 129 2 119 1600
Transv, Axic
(gn-cn?] 18 23 12 62
Figure of Merit 200 550 45 40 300
Maximum Torquing
Rate [%/s] 0.28 1200 200(400)  40(200) 300 200(400) 7.0 400
Torquer Scale 1.8
Factor [%/h/mA] °/nsvt) 3600 1100 1250 900 45(125) 170
Torquer Scale
Factor
Linearity [ppm] 30 100 50 500 100 10 25
Stability [ppm] 20 50 20 27
g-insensitive, Bias
orift [°/h] <0.5 <10. <25 0.005 5(+0.05) 5.0 1.0 <2.0
Day to Day Drift
[°/h] 0.01(0.005) 1.0 0.3 0.01 <0.05 0.03 0.003 0.005
g-sensitive
prift [?/n/g] <2.0 <1.0 <25(+0.3) 5 2(+0.03) 5.0 1.0 <0.2
gz-sensitive
Drift [°/h/gz] <0.06 0.10 0.15 0.02 0.2(+0.03) 0.03 0.001 <0.03
Short Term Drift
[°/n]) 0.005 1.0 0.3 0.002 <0.01 0.003  0,0003 0.001
$figures in( )
or spin axis
vertical) 0.005(0.002) 1.0 0.3 0.002 <0.,01 0.003  0.0003 0.001
(0.0005)
Operating Tempe-
rature [°C] -40 to +80 -40 to 90 -40 to 90 -40 to 80 -40 to 93 -40 to 71 -40 to 93
vibration [g] 30 30 10 10 200 100
(10 to (5 to (5 to (10 to (10 to (10 to
1000 Hz) 2000 Hz) 2000 Hz) 1000 Hz) 1600 Hz) 1000 Hz)
shock [g] 60(11ms) 250(6ms) 30(100, 100(0.5 ms) 225(1.5ms) 100{11.5) 150(7.5ms)
Linear Accele- 2 ms) 225(6ms)
ration [g) 20 <20 50 225 200 150
Number of
Gimbals 0 (beam 1 1 1 1 1 2 3
shaped ro-
tor with
single de-
gree of
freedom
elastic hinge)
1)

capacitive torguer

Table 3.4.2a Dat». ror Sose Dynamically Tuned Gyroscopes
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g:nrg:; g:'(lnrfott m Kearfott Telsgyne
1 Gyro Mechanical Resonant Freq. [Hz] 240 200 100
2 Gyro Time Constant [s] 100 50 250
3 Rotor Angular Freedom [°] c.5 1.0 <0.5
4 Torquer Axis Adjustment [arc min) 0.5 30.0 <l
5 Spin Axis Adjustment [arc min] 0.5 3.0 <15
6 Mass of Rotor [gm] a“ 22 260
7 Mass of Gimbals and Weights [gm] 0.6 0.7 3
Rotor CG-Adjustment
8 Axial [pa] 0.3 0.61 80
Redial [un) 0.1 12.2 130
10 Gimbal Axis Separation Adjustment [1m] 20 6.7 50
11 Quadrature g-Sensitivity [°/n/g] 0.25 <1.5
12 Spin Axis Mass Unbalance [%/h/g] 1.5 10 <1
13 2n-Translational Sensitivity [°/h/g peak] 0.5 20 0.2
14 2n-Angular Sensitivity [°/h/arc sec] 0.1 5 0.1
15 Quadrature g-Sensitive Drift [°/h/g] 0.25 1.5 3
16 Torquing Power [Watt] 2 for 10 %s 3.5 for 100 %s 40 for
100 /s
Umcompensated Temperature Sensitivity
17 g-Intensitive Orift [°/h/X] 0.0005 0.03 0.001
18 g-Sensitive Drift [®/h/g/K] 0.003 0.05 <0.02
19 Torquer Scale Factor [ppw/K] ] 25 -115 + 25
20 Pickoff Offset [arc/sec/K] 0.05 0.1 0.1

Table 3.4.2b Additional Data on Some Dynamically Tuned Gyros
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3.5 Optical Gyros (06)

3.5.1 Introduction

Optical gyros make use of the so-called "Sagnac" effect, i.e. two light beams travelling in opposite
directions in an optically closed path are affected by the rotation around the axis normal to the optical
ring. This phenomenon was first observed by Harres in 1912 and by Sagnac in 1913 [3.26, 3.27].

The sensing element of the optical gyro thus is messless and the sensor should show no errors due the
dynamic enviromment. This feature appears to offer enormous advantages when compared to the mechanical
gyro, especially when the gyro is integrated into a strapdown navigation system (Section 7.4.4). Therefore,
optical gyros would sesm to be the ideal sensors for use in flight tests over a wide range of different
applications and, consequently, are of special interest to the flight test engineer.

The following types of optical gyros are in development or in use already:
- optical rate sensors (ORS), where the output sicnal is a phase shift between two 1ight beams; and

- rate integrating sensors (ring laser gyro RLG), where the output signal is a frequency shift between
two 1ight beams which can be directly converted into pulses proportional to input anguiar increments.

The sensitivity of the optical gyro depends on the area A enclosed by the 1ight path. For a given
outer dimension, the use of fibre optics to increase this enclosed area by numerous windings would appear
to be an ideal way of increasing this sensitivity.

For the optical rata sensor, i.e. the classic Sagnac ring interferometer, the scale factor is propor-
tional to the area A enclosed by the 1ight beams (s. Eq. (3.5.3)) and the use of fibre optics opens a way
to increase its sensitivity. This is essential if the sensor is to be of tolerable dimensions, because
its sensitivity for one fibre winding is extremely low (e.g. 3.5 arc min phase shift per 1 rad/s input rate
for a circular path of 10 cm diameter, s. Eq. (3.5.3)). However, once this technique will be available, the
instrumentation engineer will gain freedom to further reduce the outer dimensions.

The development of the fibre optic rotation sensor is being actively pursued 3 many institutions.
It {s hampered by the fact that in this sensor the 1ight beams are in contact with matter throughout their
Tong path and consequently suffer adverse effects.

For the optical rate integrating sensor the scale factor {s proportional to the enclosed area A divided
by the length L of the path (s. Eq. (3.5.7)) and the use of the above mentioned multiturn path does not
present any advantage. Nor is there a need for increasing the sensitivity, because it is already extreme-
1y high (e.g. 18 Hz per 1 Earth Rate Unit ERU for a diameter of 10 cm, or, expressed in different dimen-
sions, 2.3 arc seconds input angle for 1 pulse output, see Eq. {3.5.9)). High quality sensors are being
built using three or more mirrors within a linear dimension of 10 cm.

At the present time the main drawbacks to the use of optica) gyros, compared with mechanical gyros, are
gheir availability, cost and size. The mechanical 0os will certainly be retained for use as stabilization
evices and strapdown sensors for lower accuracy (drift > 0.1 O/h) for some time to come.

In the following paragraphs a brief review of the physics of the Sagnac interferometer is given together
with its apg]icltion to the optical rate sensor (ORS) and the ring laser gyro (RLG). The main sources of
error are also discussed and examples of the RLE are given. No similar examples for the ORS are presented
because this sensor has not yet left the laboratory development stage.

3.5.2 The Sagnac Ring Interferometer (SRI) as a Basis for the Optical Rate Sensor (ORS) and Ring Laser
S (RS =

Around the turn of the century, discussions took place among physicists about the nature of light. In
1881 Michelson investigated the nature of ‘a moving source of 1ight using a linear interferometer [3.28],
but this investigation did not show any measurable effect, thus proving that the speed of 1ight (c) emitted
from a lovin? source remains constant with respect to inertial space. However, for the same reason, the
Sagnac ring interferometer, see Fig. 3.5.1, showed an effect.

The SRI shown in Fig. 3.5.la consists of a 1ight source (LS), a beam splitter (BS), three fully re-
flecting mirrors, NI, k and W3 for guiding the two 1ight beams I and 1I on a square path back to their
common origin on BS where part of their powsr is combined and gsrojocud onto the screen (SC). If the opti-
cal paths for both beams are identical, a photon emitted from on paths I or II will reach the origin
again_after time T = L/c, where L is the length of the path and c the s of light. If the ri
interferometer is rotated in the direction shown with respect to inertial space 1t can be seen that, since
¢ is constant with respect to inertial sru. the 1ight beam 1 will reach origin on BS at a time Aty
later than T. Similarly the 1ight beam II will reach 8S at time Atyy earlier. The equations for at can
easily be derived for the circular path interferometer with radius r and ares A (see Fig. 3.5.1b) as:

Atl." =3Luw r/c2 and

Awr _ 4
AT = Atxx - Atl - —c-!— - :2 W (3-5.1‘.”)

with AT being the time difference between both beams. This time difference can also be interpreted as if
the beams had travelled optical paths differing by the length

AxaT-20,.8, (3.5.2a.b)

P i L

ks v il s o

-

JETV R




\

- PNy a6,

e —

T T TR o Ty

e ;aam-— -

60

This interpretation helps us to understand the ring laser gyro very easily. It is shown in [3.29] that
the formulas (3.5.1b and 3.5.2b) are independent of the shape of the enclosed area A.

The time difference AT between the beams causes a relative phase shift &p or a relative shift az of
the fringe pattern once they are brought to interference:

59 = 2nAz -%—"—Q—w- 3.57 arc min per w = 1 rad/s
(3.5.3a,b)

where for the figures the follog*lng assumptions Mvr been made: a circular path of 10 cm diameter, 2 1ight
source of He-Ne (A « 6,33 - 10> cm) and ¢ = 3 . 1010 cm/s. The numbers reveal how weak the signal is.

u--“xﬂ--z‘{-u-l.ss -10"poru-1radls

N

M3 M1

£

Fig. 3.5.1 Sugnac Ring Interferometer (a) and its Circular Substitute (b)
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Fig. 3.5.2 The Ring Laser Gyro in Principle
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Threshold values of 4z and &p found in the Titerature (3.30] are: 2 :
i Ay, = 107 Mgy = 2+ 107 rad = 4 - 1072 arc sec. (3.5.48,b) |

These equations show that, with the ORS evaluating the direct phase shift, it should theorstically be
possible to measure,

' i
Uggn 40 om. (3.5.5) ‘

This readout method was investigated at Lear Siegler for the development of an ORS. Though the above . |
mentioned threshold was confirmed, other adverse effects limited the sensitivity of a 20 cm square set-up ot
to over 25 9/s {3.30]. £

The resdout method of the fringe pattern shift was used by Michelson and Gale in 1925 and they even ma- 3
naged to measure the rotation of the earth with Az = 0.25] Byt their interfarometer was of urwieldy outer §
dimensions, namely 340 w and 610 m separation of the four mirrors [3.31]. i
3.5.2.1 The Optical Rate Sensor 4

Pt present scientists in different countries have high uxrcut'lons for the use of fibre optics in the 4
SRI in order to develop an ORS of high accuracy and acceptable dimensions [3.32 to 3.37].

The expectations are nourished by the following advantages of the ORS as compared to the RLG discussed
in the next section:

~ the use of integrated optics promises that the ORS will become a very cheap sensor; and

~ & solid state laser may be used in the ORS instead of a gas laser of limited life time which is at
present required for the RLG.

For the ORS, the scala factors given in Eqs. (3.5.1 to 3.5.3) are increased by avery turn of the fibre
optic coil by substituting for A {n these equations.

A=nAt (3.5.6)
where A' is the mean area enclosed by each fibre optic turn and n is the mmber of turns.

Assu!ng that the threshold for measuring the relative fringe shift is, in accordance with Eq. 3.5.4,
Az = 1073 then, {n order to measure 1 Earth Rate Unit (ERU) with an ORS having a circular path dimmeter of
10 om, the number of turns (n) required would be 82918 and thus the length (L) of the fibre optic 26 lm!

If the method of direct phase shift measurement could be exploited with the corresponding threshold of
Eq. (3.5.4b), then only 3 turns with a length L = 1 m would be required.

In present breadboard sensors frequency modulation techniques using acousto-optical elements for varying
the 1ight frequency are applied to convert the ORS output signal (phase shift or frings pattern shift) in-

to an output frequency.

The present state of the art is characterized by the fact that in the laboratory short-term noise equi- 3
vale:: Egt;;]ion rates below 3 9/h have been accomplished with sensors of 30 cm diameter and 200 m fibre 5
leng .37, ;

The development of an ORS is baset with problems and the following are just three iwportant ones. They in-
dicate why the ORS has not yet progressed bayord the laboratory development stage.

- Expansion of the optical fibre and Stress dus to a temperature variation, for instance, affect the ORS
scale factor and/or the optical properties of the fibres; though the corresponding effects are reci-
procall) and in genaral separable from the non-reciprocal effect due to sensor rotation, thay do af-
fect the measuremant and have to be compensated.

- Time varying expansion and stress due to temperature gradients, for {nstance,at well as magnetic stray 3 ’
flelds cause non-reciprocal effects which are not separable from the signal to be measured. These
rate errors Im, been estimated [3..3:) . For an ORS with an optical path diamater of 20 cm a thermal :
gradient of 10°€ K/s over a length of 1 m will induce an error of 0.1 S/h. A similar error will also y
be introduced if the magnetic field in the same ORS changes by 1/60 of the sarth's magnatic field. .

- Backscattering noise within the fibre and noise in the readout,which is reduced by using phase wodu- }
lation tachniques or an incoherent light and subsequent filtering {3.37]. . .

3.5.2.2 The Ring Laser Gyro (RiG) :‘

The set-up for the ring laser Rrro sN.G) in Fig. 3.5.2 differs in principle from the one for the ORS in
Fig. 3.5.1 in the following way. Tiie 1ight source - & gas laser - is mounted into the optical path replacing
the exterior 1ight Q?um plus beam splitter of Fig. 3.5.1; the end mirrors of this laser tube are replaced
by Brewster mirrorsé): the optical path mirrors M1, M2, N3 are turned in such a wey that, instead of the
laser tube alone, the whale opticsl path acts as a resonance cavity.

S B e A

"
. ——

T e T

3¥ Mon-reciprocal effects are caused by motion or magnetisu, wheraby 1ight beams travelling in matter in
apposite directions are affected differently. e y gl "

2) Brewster windows: material glass; angle of 57° with respect to optical axis; allow transmission without
loss of 1ight linearly polarized in the plane of incidence and reflect 1ight Vinearly polarized norwal
to the plane of incidence [3.28].
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In this particular device the optical path is composed of three mirrors only, as it is pursued at present
by all manufacturers with the exception of Litton, which selected four mirrors. The mirror (Ml) is partial-
1y transmitting and the prism (P) is part of the interference optics.

The rin? laser is tuned to an oscillation with a frequency v and a wavelength A, which is an integer
of the cavity length L as in a normal laser. Due to the Sagnac effect, the cavity length of both light
beams I and II will apparently be displaced from L by an amount Al] = cAt] and A *1 - cAtP. or relative
to each other by an amount &L (s. Eq. 3.5.2a,b)). This results in a frequency difference iv.
With Av/v = AL/L and c/v = A, where ) is the mean wavelength of both beams, the frequency difference becomes:
& [He] = R ulrad/s] = 9.12 * 10% [radss) (3.5.7)
for a triangular path with a side length of 10 cm and A = 6.33 - 107 n (He-Ne laser).

This frequency ¢ rference causes a wandering of the interference pattern at the screen (SC) proportioms
to the angular rate with respect to inertial space.

A photodiode mounted on the screen (SC) will count the number of fringes that pass it. Each fringe may
then easily be convertad into a pulse which indicates the angle increment through which the sensor has ro-
tated with respect to inertial space. The number N of pulses for the total input angle displacement &:

Negh o (3.5.8)

defines the RLG nominal scale factor S, which for A = 6.33 * 10'71 and a triangular RLG of 10 cm side length
has the following magnitude:

M LA arc
S=gom-23 Tu.,%:-‘- . {(3.5.9)

This result indicates that the RLG is {deally suited for use as a flight test sensor and in strapdown
navigation systems.

3.5.3  Design Criteria for the Ring Laser Gyro and Sources of Error

3.5.3.1 Characteristics Common to A1l Ring Laser Gyros

Let us first comment on the selection of the laser - gas laser, liquid laser or solid state laser. Not
only can any laser amplify 1ight of a fixed frequency but also 1ight within a broad spectrum due to the
Doppler effect of its moving atoms. Yet the laser will oscillate at the frequency whose wavelength is an
integer of the resonance cavity L = mi.

In the RLG the need for the M awplification of two 1ight bewms of different frequencies in one
laser makes it necessary to use ws aser. For the He-Ne gas laser, which is most commonly used in RLGs,
the amplification bandwidth s 1500 WMz, approximately. The intensities of the two light beams vary periodi-
cally with the resonator length as shown in Fig. 3.5.3 ("wode distance” in this special case = 500 MMz).

Here the intensities I; and I7 of the two 1ight beams countertravalling in the ring laser are drawn over
the variation of tube length. The curves are perfodic with the vavelength A of the centre frequency (the
small apparent shift between both intensities is due to the construction of the plotter).

1 St o OB S M 1- Etiagaa he B e T

Laser Gain
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Fig. 3.5.3 Amplification Spectrum of Input Light in a He-Ne Laser Tube
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Distinctly to be seen in Fig. 3.5.3 {s the so-called "Lamb dip”" near the maxime of the intensity curves, !
a condition in the RLG, when both 1ight beams have the same frequency (zero input rate), t.e., when both

beams have to be amplified by atoms of zero velocity |3.39|. When only one isotope is used this “"Lemp dip"
is only possible for one of the two beams, the intensity of which increases abruptly at the expense of the

1it|nsn;y of the other beam. If two isotopes are used with their rm curves and centre fmwnci,a':hifted ‘

ightly relative to each other, this "Lamb dip" effect is Therefore, two Ne isotopes ( and {
Ne) in & mixture of 1:1 are mostly used (s. also Fig. 3.5.10).

o T

The velocity of the gas within the laser tube, caused by the high voltage electrical field (Langmuir
flow) and temperature gradients, will result in a constant frequency shift between the two counter-travel-
i " li!ht beams, which will be detected at the screen as an angular h\gut rate. This is dus to the so-
called *Fizeau offect", descridbing the effect of the velocity V of an {1luminated flowing medium of refrac-
tion index n on the speed c® of light (3.39]:

C.

Soled - ynd) - (0.9997 + 1999 - 10714,

i 1, T R DY o

o b,

i e

(3.5.10)

The numbers are good for V= 1l com/s, c =3 108 wm/s and n = 1,0003 for air. In the RLE this causss a
change of optical length or an apparent frequency difference Av or angular rate Aw [3.40]:

tve2(n?-1) §Va6Hz te. tw = 4OmsdE (3.5.11)

’ et o
PR AL TR .’;:‘r{

for a ratio of the laser tube length d to the total length L of the cavity of d/L =~ 1/3 amd X = 6.33-10'7 ]
as for He-Ne.

o il

To overcome the Fizeau effect, RLG's are always fitted with lasers having two anodes and one cathode or
i : vice versa mounted symmetrically within the tube as indicated by Fig. 3.5 .4, which shows the basic design
p : principles of a Honeywell laser gyro. If only one anode were to be_ us result would be an apparent

: rotation of the sensor proportiomal to a multiple of 100 ©/h [3.41]. The sensor may be biased to compensate
for some of these effects by adjustment of the high voltage (ca. 1 V) in both branches. The mumber just
quoted indicates that a highly stabilized control of voltage and of temperaturs is required.

CORNER
PRISM

READOUT
u. | DETECTOR

i, i

CONTROL :
TRANSDUCER DETECTOR

4 ,

11

CATHODE

Fig. 3.5.4 Basic Configuration of the Honaywsll Ring Laser Gyro

Another source of error is due to the fact that the refraction index n depends upon the fmauoncy v
of the transmitted light. This causes the prism spectra of white Yight, and is known as the “dispersion
affect”. For the RLG this means that the optical cavity length L = jn (v) d1 (with d1 a length increment)
and thus its scale factor (s. Eq..(3.5.7)) are functions of v. This nonlinearity in the order of 0.1 % to
1) is compensable if the operating characteristics of the laser remain constant [3.40].

¥
Howaver, the dispersion effect defines the snbﬂig.‘umind of the mean light f » 1.0, the sta- . b
bility of the cavity length. This is firgtly accompli h{ using material of a very low 1 expansion 3 t
coafficiant (Cer-Vit, Zerodur) and secondly by controliing the mean intensity of the two light beams to its . . v
relative mximm, This is sccomplished by means of a control loop from a photodiode on the partially trans- e ¢
aitting wirror to a piezo element, sdjusting one of the mirrors to the constant cavity lenght. The intemsity o
maxisum can be sensed by additiomally dithering the piezo elment,
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The path lenght control to the maximum of the mean 1ight intensity makes any other temperature control of
the sensor unnecessary. We may thus state two essential advarntages of the RLG over other gyroscopic sensors:
digital output and tewperature insensitivity - at least in theoryl

A RLG incorporating the above design features will work satisfactorily for high input rates of w; in
fact the upper input rate is only limited to values ahove BOO to 1000 O/s by the fact that the modulation
amplitude decreases with the output frequency [3.42]. But the RLG has a lower limit on input rates of a
few hundred degrees per hour (Fig. 3.5.5).

avlkiz) +-50

A = 0,007 u?
L=0.6m
226.3:1 " »

Fig. 3.5.5 The Lock-In Effect of the Ring Laser Gyro

This is due to the so-called "lock in" effect experienced by any two weakly coupled oscillators with
neighbouring netural frequencies. If this type of oscillating tem {s excited near the natural frequen-
cies, both coupled oscillators will have the same period. Beat frequencies will be experienced only if the
excitation frequency is distinctly different from the natural frequencies.

In the RLG the coupling of both oscillators, i.e. the two light beams, is caused priurig.h{ the scat-
tering of 11ght at the mirror surfaces and within the laser tube. The relationship between lock in"*
rate {ul), the mirror backscattering amplizude (r = 10-2) into the whola solid angle, the beam diameter

(d = 1 sm), the enclgsed area (A = 43.3 for a triangular Q’tial path of 10 cm side length), the speed
of light (c = 3 x 108 m/s) and the wave length (1 = 6.33 x 10~/ m for Ne-He) is given as [3.40]:

2
ot - 2.063 - 105 « SNE0 - 570 O, (3.5.12)

This corresponds fairly well with experimental values. It is interesting to note that uL - xz. {.e. re-
duction of the wave length is beneficial, because it increases the scale factor (s. £q. (3.5.91) and re-
guc :s’ :2]. value of ot (s. Fig. 3.5.4). Another approach for the analysis of the lock-in problem is presented

n {3.42].

The “lock in" effect cannot be complately overcome. Its reduction through the development of improved
mirrors with low backscattering and high reflectivity is the central topic of RLG research. Typical re-
sults from an analysis and laboratory measurement are presented in [3.44] and [3.45]. “Lock-1n" rates as
Tow as 100 O/h have already been accomplished [3.43]. However, the value would still be too high for a sen-
sor with these characteristics to be used in navigation systems.

The "lock in" effect can be overcome by exposing the two 1ight beams to an enviromment which csuses non-
reciprocal effects, i.e. effects which influence the 1ight beams differently according to the directions
in which they are travelling. As stated earlier these effects may be induced by:

- motion, or
- maghetism.

These effects may be introduced by employing "bias techniques®,(s. Fig. 3.5.6) nwmely:

- a3 a continuous bias,or
- as a periodical bias or dither.

Different accuracy problems arise from the use of these "bfas techniques®, 1i.e.
- if the bias is applied continuousl s:_ Fis. 325.6.). it must be high enough (e.g. 100 °lsl to ensure

that the LG never enters the "loc t must be stable encugh to ensure that after com-
matiu sufficlent accuracy is achieved, (e.g. 107 9/h). The requirement for relative stability is

twvw =3 - 108, (3.5.13)
- {f the bias is applied periodically (s. Fig. 3.5.6b to d), the will-enter the "lock in" region twice
per dither cycle and, on leaving this m‘!"'wwg“ 3 will'attampt to pull nto phase lock. The
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a)  Lock-In Compensation: Constant Bias Rate w¢

(14

-wl

rd

b) Lock-in Compensation: Rotational Dither o 1noyt-Output with Dither
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typically : WP =100 to 300 deg/s

d) Smle Factor for Dithered Ring Laser Gyro
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Fig. 3.5.6 Effects of a Continuous or a Periodical Bias in a Ring Laser Gyro on Input-Output Characteri-
stics and Scale Factor [3.40) nput-Qutpu

PSR

-—

[




-y,

T Y A % o A Ab . A e Vet = -

resulting phase shift (order of magnitude some 10%) will, at the best, constitute a source of rate
noise which can never be made zero. These errors will accumulate in a random manner when the RLG out-
put is summed up giving rise to a “random walk" cumulative output error, whose loband increases with
the square root of the elapsed time. This is particularly serious when short measurement times are
employed for the extraction of the sensor's drift; the apparent drift due to the random walk will be
quite large [3.46]. :

- A second error source with this dither compensation is due to the fact that the gyro does not measure
the vehicla's angular motion while passing the “iock in* region; this also contributes to a “"random

walk® drift d ing on the dynamic environment and the time during which the RLG passes this region.

A high dither frequency, or preferly a square-wave dither motion, are of advan .

~ A third error source with the dither compensation is the scale factor nonlinearity at input rates ner
the maximm dither rate (s. Fig. 3.5.6d). It arises from the fact that at this input rate the highly
nonlinear maximum dither sinewave divet into the lock-in region. This scale factor nonlinesrity shows
an almost square law dependence on the lock-in rate [3.46] amounting to 50 ppm at a lock-in rate of
approximately 0.4 0/s,

An obvious technical solution to a continuous bias would be & mechanical rotation of the RLG at >100 %/s.
This would require an exact knowledge of the angular rate applied in order to compensate accurately for
this rotation or, conversely an exact measurement of the angle between the rotating RLU and the base. As
far as it is known, this technique is not currently being porsued.

The required stability in Eq. (3.5,13) for a continuous bias cannot be achieved by using magnetism.

" The concept first pursued by Hamilton Standard under the name of "DILAG® (differential lager gyroz and
later by Raytheon under the name of "FFRL" (four frequency ring laser ). in which constant netic
bias techniques are used, is not that emplayed in a conventional RLG. In these instruments two RLGs are im-
plamented in one cavity with the constant bias acting in a positive or negative sense upon both. Errors in
the bias cancel out in the combined output and thus the stability requirements of Eq. (3.5.13) are not ap-
plicable [3.46]. We will come back to it in Section 3.5.3.5.

Technical solutions which have been applied various design agencies using these concepts are discussed
below and their characteristics are compiled in Table 3.5.1.

3.5.3.2 The Ring Laser Gyro Using the Mechanical Bias Technique (Mechanical Dither)
(Manufacturer: Honeywell US, Honeywell &, Litton, Rockwell, Sperry UK, CROUZET-SFENA F)

The RLG 18 mounted to the case viu a torsion sprinao(s. Fig. 3.5.7a) which is excited to angular vibra-
tions of 0.3" amplitude and 50 Hz frequency i.e. of 100 /s angular rate amplitude, approximately. The
dither compensation is done in an elegant way by mounting the readout prism and the detectors case-fixed
as shown in Fig. 3.5.7b.

Beside the drawback that mechanical motion is used in a sensor which is solid state from its physics,
the mechanical dither has another drawback: the bias motion is a sinusoid and not a square wave (which
would bring about better performance since the lock-in region is traversed in the shortest time possible).

But so far this concept is pursued by nearly all mamufacturers (s. Table 3.5.1) which may be due to the
following factors:

- most of the research time has been invested in this concept

- mechanical dither does not have a problem concerning symmetry, since even with asymmetric dither rate
its integral will not incredse with time

- the readout concept compensates the dither regardless of its time dependence.

3.5.3.3 The Ring Laser Gyro Using the Magnetic Mirror Bias Technique
(Manufacturer: Sperry)

In this RLG a magnetic enviromment is used to create a non-reciprocal effect. In 1876 Kerr (UK) [3.47}
showed thet the use of magnetic mirrors affected the properties of light. The transverse Karr effect is
used in this RLG to separate the frequencies of both 1ight beams at zero input angular rate (s. Fig. 3.5.8).
The maximum effect occurs when the two beams are polarized linear in the plane of incidence and E& g
wagnetization (M) is in the plane of the magnetic mirror and normal to the plane of incidence.

The magnetic mirror consists of a very thin transparent layer of especially cqosod iron garnet, to-
?omr with a high reflectivity multilayer dielectric stack |3.48] to |3.50|. A reflectivity of over 99.8 %
s obtained. The differential phase shift for the oppositely directad waves iz 2.0 arc minutes which pro-
t‘iuu:ha bias equivalent to 60 degrees per second in a 0.4 m path length gyro operating at 1.15 x 106 m wave-
ength.

By periodically switching the sense of the applied magnetic field the bias is ikewise nriodically re-
versed. The garnet material has a very square l\!zunsis loop with 16 A/m coercive force. a result
the bias obtained reverses very suddenly, in 10°0 seconds, and there is essentially no time spent in the

ry
zero rate dead band. This eliminates the lock-in effect as a source of andom we'lk dri i
the quantum noise 1imit to be reached. " ' gyro ¥ rift, allowing

The square loop magnetic property also makes the bias mirror very insensitive to stray magnetic fields,

or J‘nratlm in the strength of the deliberately applied field, since the mirvor is operated well into
saturation,

With the garnet mirror, a random walk t_lEift of 0.006 /AT at A = 1.15 x 10°8 4 15 achieved using &

0.4 m optical path « At 1 » 0.63 x 10°° m & rendom walk of 0.00} or lTower is realized, owing to lower
scale factor and higher lasing intensity.

-
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3.5.3.4 The Ring Laser Gyro Using the Faraday Cell Bias Technique

The use of a Faraday cell is an alternative method for separating the two light beams in a RLG (s. Fig.
3.5.9). In 1845 Faraday showed that the plane of polarization is rotated by a magnetic field whose inten-
sity ic parallel to the direction of the polarized 1ight beams transversirng the isotope matter [3.47] . The
: sense of rotation is opposite for positive and negative propagation directions parallel to the appliad magnetic
: fieid. This may be understood as occuring becsuse the index of refraction of the material depends on whe-
‘i : ther th2 precession of its electrons about the applied longitudinal magnetic field is in the same or the J

opposite sense as the rotation of the circularly~polarized light's electric figld. Equivalently stated, ot
‘ the Faraday effect introduces a differential phase shift between circularly polarized modes travelling ir N
1 opposite directions. -

In a RLS this rotation of the ctrcular polarized lignt may b transformed into a corresponding phase e
shift of linear polarized 1ight by means of two A/4 plates in ¢.unt of and Lehind a Faraday cell. The weak- :
nesc of this method is that the effect is propnrtional to the length of the Faraday cell and the magnetic
field, anc thus the stability requirements of Eq. (3.5.13) can never be achieved. Temperature changes which ;
affect the length of all intra-cavity elements can, to a certain extent, be overcome by proper design [3.46], iR
and by periodically switching the direction of the magnetic field. However, any stray magnetic field will :
generate a false angular rotation signal.

w MR

: Co
‘ : Thus a generai requirement for any RLG may be derived as:

! ’ "The length of the intra-cavity alements transversed by the beams has to be reduced to a minimum since they ,‘
: may act as unwanted Faraday cells.” -

)

i : + The use of garret as a Faraday cell material theoretically opens up the possibility of reducing the sensi-
o . tivity of the RLG to stray magnetic fields since this material can be brought to magnetic saturacion. How-
- ever, its ability co transmit 1ight is rather low thus preventing its use in a straightforward manner.

. ' The above mentioned problews may give an indication why the Faraday cell bias technique is at present
! not usad in a conventisnal RLG hy any design agency. The Faraday cell in an external cavity or the Faraday
mirror are discussed in [3.49]. 1 1

3.5.3.5 The Four Frequency Laser Gyro (FFIG) 4
(Manufacturer: Raytheon [3.46]) M

!

The FFLG takes advantage of the fact that one single cavity can not only serve as resonator for two . l
]

1

counter traveiling light posms, but for four 1ight beams - two in each direction, once they are polarized.
Only two circular poiarized 1ight beams (right-and left-hand circular polarized, rcp and 1cp) can be brought
to resonance in each direction.

Fig. 3.5.1aindicates the elements of a FFLG resonator: four mirrors, the laser tube, the reciprocal !
(direction Tndépendent) polarization rotator and a Faraday cell as non-reciprocal element. The polarization s :
rotator (typically, a piece of quartz cut normal to its main sywmetrical cr{stalline axis) allows only rcp ’ |
cr 1cp beams to come into resonance in each direction. It simultaneously splits the frequencies of the rcp
and icp beams, since after traversing the rotator the rcp and lcp beams are rotated by 26 with respect to
each other, corresponding to 2 relative phase shift of the same amount and to a frequency shift of

e , (3.5.14) ‘
; c/L being the free spectral range of the original (empty) cavity. For the case of a 90° rotator, the modes
¥ are split by one half of the free spectral range and therefore have a symmetric spectral distribution. Thus A |
in the clockwise {cw) anu counter clockwisz (ccw) directions rcp and lcp light beams are brought to reso-
nance, i.e. a rcp and a lcp ring laser gyro is implemented at frequencies split by

| % o= G (3.5.15)
! {: as indicated ¥n Fig. 3.5.10b.The lock-in effect in the two gyros requires the application of the btas tech- [
4 niques discussed 1n the previous sections. For this purpose 2 non-reciprocal polarization rotater,e.g. a 3 k
F X X Faraday cell, is vsed as shown in Fig, 3.5.10 with a frequency splitting lower than the one mentioned in £
: Er,. (3.5.15) for the two gyros. H
3 ¥
| : The non-reciprocal rotation effect of the Faraday cel] further splits, in opposite senses, the counter i VoL
: travelling modes of each gyro. The resulting four frequencies are shown under a composite gain in Fig. H ]
3.5.10b.The Faradey frequency splitting is: j v

F
AvF-vb-v‘=vd-vc-f~ ,%- (3.5.16) !‘ o

with eF = Faraday rotation in radicns.

The Sagnac or laser gyro effect (s. Eq. (3.5.7)) in the two gyros is: g
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a)

__\

Faraday cell

Reciprocal
polarization

rotator

Laser tube V

Direction of Travel
CW CCw CCw Cw

b)

Lcp RCP
modes modes

Fig. 3.5.10 The Four Frequency Laser Gyro and its Output Signals

Wotaafo e, Woaaf e e (3.5.17a,b)

If the differential output between the two gyros is taken

e (W) - (- L (3.5.18)

the Faraday bias aF will cancel and the rotation-generated counts of the two gyros (rcp and lcp modes) add.

Thus the sensitivity of a FFLG {s twice that of a conventional ring laser.

The advantage of the FFLG 1s that both gyros, charing a comeon optical path are statically biased, thus
enabling the two gyros to avoid the “lock in® region. The random walk error should thus be avoided pro-
v1d1:g a sensor of low noise, The test results discussed in ta.u]
spect.

and {3.51] are promising in this re-

. o
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3.5.4 Error Model of the Ring Laser Gyro é

So far we have discussed the functioning of optical gyros (0G) and some error sources. An error model as . i
by basis for calibration and compensation is stil) pending. The situation for the 06 is in this respect dif- - '
‘ :j ferent as compared to the mechanical gyro, for which we have found in Section 3.2 the main contributions ’ :
. Cy g to an error model as result of an anmalysis. With the 0G the error model is at the present time primarily ;
‘ X based on experience, i.e., found empirically, with the exception of some errors as for instance due to mis- . !
. aligment, scale factor nonlinearities near the lock-in threshold (s. Fig. 3.5.6d) and signal readout. !

L

Contributions for standardizing the error model, for calibration techniques and for methods to analyse
the results can be found in [3.5;? and [3.53].

In summary the RLG output signal in these references is written as (s. Eq. (3.5.8), (3.5.9) and (3.2.45)):
N [arc sec] =S [ (1 +x) (u - D) dv (3.5.19)
where °
D = drift
% S = nominal gyro scale factor, being in error with the actual one by x (s. Section 3.2.2.6):
! x = 85/S. (3.5.20)
1 a5 tamerature.. tamperaturs Gradients tines swischion £o Switcnwon, and the spp1ied magnetic Tield which
] } are modelled for calibration in the following way:
| kn klwg) + (T = Tg) + AT ot ; (3.5.21)
D=0F +0%(t) +aT(T-T)) + g AT + "o oy ¢ g+ O™ (3.5.22) A
where
o k{w;) = scale factor error as function of input rate wy, which may be highest near the lock-in 1
‘ bias rate, s. Fig. 3.5.6d, but small compared to the mechanical gyro 2
ﬁ U ; <’ = temperature sensitivity of scale factor
- _x_AT = [KATI 7o xﬂsl = row matrix representing the sensitivity of the scale factor for tem- i

perature gradients in the three axes 1, 0, S

-

a = [A‘I‘l P ATs]‘r = temperature gradient vector along gyro axes I, 0, S
D = fixed RLG bias

Dt(t) = deviation of the bias as function of time
dT = bias temperature sensitivity

s

5
o
&

%
¥
£

= {dATX dATO dATS] = row matrix representing bias sensitivity to temperature gradients
n the three axes I, 0, S

q = £d"l dHo d"S] = row matrix representing bias sensitivity to magnetic fields along the i ‘1
hree axes 1, 0, S ! ‘

peorm et A

= [H Hy HS]T = magnetic field vector along the three axes I, 0, §
0.5 = misalignment drift coefficients, s. Table 3.2.1a, Row 4
0™ = random walk drift.

x
.
%I::

The random walk drift D™ {s calculated from the test results if the moving avarage is taken out of the
raw data, the remaining noise is integrated up and the error angle ¢ is divided by the elapsed time:

o™ = e/t.

{3.5.23)
Since according to theory the time dependence of the standard deviation a(c) of the error angle is
o(e) ~ /%,

the standard deviation of the random walk drift {s

A o(d™) ~ 1//E. (3.5.25) ?
’ The assumption made in [3.53] for D™ {s: '
™. /K

with R = random walk paramater.

(3.5.24)

RIS we—"
.

(3.5.26)
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o™ may be affected by the dither motion bias compensation (s. Section 3.5.3.2) because this motion
causes sinusoidal disturbance torques about the input axis of the sensor and consequently during the test
a corresponding motion of the table-mounted RLG case, if the compliance of the table differs from zero.
For infinite compliance, i.e. no table restraint about its drive axis when the table servo electronics
cannot follow the high frequency motion any longer, the table motion is governed by:

&

where

o

N
.‘.,1, {3.5.27)

= amplitude of table motion

=  amplitude of dither motion

= moment of inertia of RLG dithering Zerodur block
= moment of inertia of test tadble.

This test table motion will not be constant for each dither pariod and consequently will contribute to
the random error. It is called "spillover™ in [3.53] and [3.54). These referencesinclude an analysis and
test experiences of this effect.

The sampling time should be synchronized with the Briod of the lock-in bias compensation because any

deviation may also contribute to an error in D'V (s.

.53])

3.5.5 Summary of Some Hardware Examples

The main data or RLG's available today are listed in Table 3.5.1.

perr Raytheon

No. Manufacturer Units Hony 1 Rockwell Litton Littor Sperry S
Type G6G-1342 - L6-2717 L6-2728 SLIC-7(3axes) SLG-1 RB-2§ .
1 Perimeter [~ ] 32 43 17 28 20 40 25
2 Weight kg 1.9 3.63 1.5 1.5 2.3 1.2 - 4
3 Size o 15.7%14.7x5.3  22.9x22.9x7.6 14x11x6.5  14x17.7x5  10.2diaxi1.4 10.2x20.3x27.9 - 3
4 Material - CERVIT CERVIT ZERODUR ZERODUR CERVIT CERVIT CERVIT
§ Lock-in technique - mech.dither  mech.dither  mech.dither mech.dither magn.amirror magn.mirror Fa:od&y H
cell i
A modes z ‘|
6 Wumber of mirror - 3 3 4 4 k%) B 4 i *
7 Number of anodes/ - E2) 172 2N N1 2/1 each axis 271 - )
cathodes 3
8 Powar requiresents - 28Vdc/1.1A 28Vdc/0.6A 3 att 3 Watt 0.623 Wett 0.6 Watt - ;
9 Maximum input deg/s 800 - 800 400 1500 750 - 3
rate 3
10 Bias stability deg/h 0.007 0.01 0.02 0.005 0.2 0.02 0.005 ]
(1 - 10 br) |
11 Bias stability deg/h 0.01 0.02 0.04 0.0t 0.5 0.08 - i
(day to day) i
12 Random walk deg/vR 0.003 0.005 0.015 0.003 0.05 0.006 0.001
13 Scale factor (s) arcsec/pulse 2.0 1.7 3.0 1.8 3.2 1.6 1.5
14 S-linearity ppm H 10 H 3 200 100 13
15 S-stability ppm 5 - 5 5 200 100 -
16 Bias temp. deg/t/°c 0.002 0.02 - - 0.008 0.002 0.0004
sensitivity

Table 3.5.1 Data for Some Ring Laser Gyros




3.6 Accelerometers

In another volume of this AGARDograph [3.55] the application of accelerometers to flight-testing has
been treated. For a better understanding of the following chapters the basic principles of accelerometer
measurements are briefly summarized in this section.

3.6.1 Principle of Operation of ¢n Accelerometer

In Chapter 2 the basic ideas of inertia) measurements have been described. From Eq. (2.3) it could be
seen that the “specific force" f to balance the proof mass in an accelerometer

£ea-6
é R

= 3.6.1
a rak ( )

P commopmague=y

is equal to the sum a of all forces accelerating the proof mass minus gravitation G. The acceleromster out-~
put signal is proportiomal to f.

The basic principle of construction of an accelerometer is explained in Fig. 2.3. A proof mass is suspend- %
ed in a case and confined to a zero pos’tion with the help of a spring or a'gb'a'r‘an'ce loop as described
below. In general, damping is added to ?We the spring/mass system a proper dynamic transfer function.
i Aircraft accelerations act upon the accelerometer case and cause the mass to react with a displacement with
) respect to tae zero position so that the resulting spring force compensates the acting acceleration, The
' . displacement of the mass with respect to the case is then proportional to f.

| High-quality accelerometers can be regarded as having a second-order transfer function. The bandwidth
| i is in general much higher than the acceleration frequencies to be measured (s. Table 3.6.1), so that the
! output signal f* is practically identical to the input specific force f plus the accelerometer errors:

£ = (1 +x)(f +B)
; where (s. Table 3.6.1)

(3.6.2)

K= ;ca\e gac:gr error, corresponding to that of the single-degree-of-freedom gyre discussed in section
.2.2.6 a

. B = accelerometer error, consisting, for instance, of the bias, the misalignment of the input axis and
U the cross coupling term discussed below 3.56].

Given the specific force f acting upon an aircraft, travelling in the earth's gravitationsl field G(R), 4
the aircraft inertial acceleration

‘ 1

a ! .

25 ;

L . i
k N

can be computed using Eq. (3.6.1). This again can be transformed into a navigation coordinate system to

0.49.
o

| obtain the acceleration with respect to ground:
! : W Y% o

by use of Equation (7.2.4b). From this acceleration the velocity and position of the aircraft can be compu-
ted by integration, if initial values of velocit: and position are known. How this is carried out in the
computer of an tnertial navigation system is discussed in Chapter 7. It is obvious frre these considera-

tions that the angular orientation of the accelerometer input axes with respect to the navigation coordi-
nate system must also be known accurately.

rr B,

3.6.2 Restrained Pendulum Accelerometer |

The type of accelerometer that is presently used in most operational inertial navigation systems is the
restrained pendulum accelerometer. Fig. 3.6.1 shows the principle of construction of such a davice. A pen-
dulous mass 1s suspended and restrai% T0 a zero position by a control loop from the pickoff to the tor-
quer, similar to a gyro (s. Fig. 4.2.1a). Optical,capacitive or inductive pickoffs detect a deflection of
the pendulum and torquers force it back to its zero position. The torquer current i that is necessary to

!

i

%

compensate an acceleration and to bring the pendulum back to its null position is then a measure of the ‘
specific force f. :
3

e
r3
e e 2 — AP AR A SPTD, R TERES

) rig. 3.6.2 shows as an example the exploded view of the Sundstrand Q-FLEX Accelarometer in which the
j ) princqlﬂes of construction of Fig. 3.6.1 are implemented. Flexure and :

rouf mass are formed from a single : l
blank of specially processed quartz. A slot is cut in the blank in such a manner as to form an anmlar v i

j

] section and central disc connected by a narrow bridge. The centra) disc serves as part of the proof mass, i

\ - the bridge as a flexure, and the annular section as the flexure support. The bridge section is chemically i‘
milled in order to form the flexure. A portion of the central disc is made conductive by vacuum vapor-

depositing metallic films to provide electrical surfaces, as required for the capacitance pickoff. Conduct- i

ing leads for the pickoff signals and the torquer coil drive current are formed across the flexure by simi- |

:

1

¥,

- p—

larly vacuum-vapor-depositing metallic films. Finally, attaching the torquer coils onto the central disc

completes the proof mass, flexure, and flexure support sub-assembly. This sub-assembly is then clamped be-
tween the magnet structures.

The magnet structures hold the magnets in proper position and keep the proof
xass assembly from moving [3.57].

e
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No. Manufacturer Litef Sundstrand Systron Donner
Mode! No. B250 Q-FLEX 4852

QA-1400

1 Weight {gm] 85 80 <65

2 Diameter [mm] 26 26 25
{Width)

3 Length [wm) 21 25 45

4 Natural Frequency (Hz] < 800

5 Damping Ratio 0.4-0.7 0.5 to 1.6

6 Bandwidth [HZ) 300 300(+5%) > 300

? Maximum Input 10 30 up to 400
Acceleration [g]

8 Scale Factor 4.0 mA/g 1.3 /g 1.0 mA/g
(adjustable)
Scale Factor Error

9 Linearity <3'10-59 (for <1g) 20 ug/gz 20 ug/sz

10 Stability 500 ppm/yr

1 Threshold 107 107 ¢ 1075

12 Bias (untrimmed) <5.10"3 5.103 g <4-10°%

13 Day-to-Day Repeatability 6-10"% 5-10°5 (benign) 31075

1073 g {al
environments)

14 Transverse Sensitivity [g/q] 1.5.10°4 2.1073 7.1073
(Misalignment) (untrimmed)
Temperature Sensitivity

15 Bias 10ug/K 30 ug/X < 10ug/K

16 Scale Factor 20u9/K <180 ppa/K < 180ppa/X

<5 *

7 Vibration,Rectifica- §-10° (sine) 2,010~
tion [9/9°)

18 Operating Temperature [ °¢ 1 7015 =55 to 107 -55

19 Vibration {g] RMS 15 15 (20 to 2000 Hz)

20 Shock [g] 50(11ms) 250 (6ms) 1500 (0.5 ms)

21 Design Feature Taut Quartz Quartz Flexure Floated Pendulum

Fibre with Pivot/Jewel

Table 3.6.1 Data for Some Accelerometers
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The balanced capacitance bridge pickoff is formed by the small gaps between the metallized portion of
the quartz proof mass and the fixed reference plates in the magnet structure.

The smal), precise gas-filied gap between the magnet housings and the proof mass assembly 8130 provides
a fairly high damping. Compared to fluid-filled sensors this accelerometer has & small phase shift.

in the Litef B250 accelerometer the pendulum consists of a U-shaped wire suspended on each side of the
U by a strained and metaliic coated quartz fibre. A magnatic field and the current running through the
pendulum generate the forces required to mull the output of the optical pickoff.

In the Systron Donner 4310 accelerometer the pendulum is floated and supported by pivot/jewel bearings.

The pendulum rotary axis is called the output axis. The input axis is orthogonal to the outgut axis and
to the pendulum in its zero position. With pendulum accelerometers a so-called "cross-couplimg® error or
*vibrapendulous rectification” exists, which is similar to the one discussed for the mechanical gyros (s.
Table 3.1.2b, Row 4). Correlated accelerations in the input axis and pandulum axis cause this error, which
is affected by the stiffness of the servo loop. Pendulous accelerometers also exhibit anisoinertia torques,

Just as mechanical gyros do, but produce no error from this source if the effective center of mass is
properly defined.

ACCELERATION

FORCE
i, = S
- -

ACCELEROMETER
CASE

PICKOFF AN
ONPING GAPS

PICKFF MLATE

PROOF MASS
SUB ASSDRLY

Fig. 3.6.2 The Sundstrand Q-FLEX Pendulum Accelerometer, Exploded View
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4. ACCURATE DIGITAL READQUT OF INERTIAL SENSORS
4.1 Introduction

In modern flight test systems data handling, storage and evaluation is mostly done in a digital format.
With gyros and accelerometers used for this purpose, the output signal is 1ly an analog signal.
Methods of digitizing these signals for the two applications given above will be discussed in this chapter.

If the sensors's output is used for the computation of {ts time integral, as for example in an inertial
navigation system, the digitizing method should be thoroughly selected so that the stochastic as well as
the deterministic errors of the in tor's output as ceused by the IM]: to digital conversion are
sn:n:: ‘tMn the sensor's drift. Different digitizing methods are discussed with respect to their accuracy
potential.

Signals can be digitized an stored only at sampled intervals nTS (T° = sampling time increment) and
not continuousg.liko analog signals. This poses problems {f their evaluation refers to the continuous time
history as in analysis of their frequency contants or in the computation of their time integral.

Certain wal)l known rules for sampling signals have to be observed for both applications. They are summe-
rized briefly in this chapter.

The following considerations only apply partially to the laser gyro, whose output is a frequency propor-
tional to the angular rate to be measured. The specifics for this sensor will be mentioned separately.

4.2 Methods for Digitizing the Measurements of Inertial Sensors
4.2.1 The Inertial Sensor and the Rebalance Loop

Mechanical gyros and accelerometers and their use as accurate sensors for angular rate and linear accele-
ration are described in Chapter 3. Fig. 4.2.1a shows the combined block diagram of the sensor plus rebalan-
ce loop, which we used in Chapter ral discussion. The flight test engineer who is looking
more deeply into the sensor's readout has to subdivide the two blocks, as shown in Fig. 4.2.1b for the
single-degree-of-freedom (SOF) gyro. -

This sensor is used as an example in the discussion below. For two-degree-of-freedom (TOF) gyros or ac-
celerometers with force faedback, a similar analysis can be given.

The gyro angular rate (input) w; in Fig. 4.2.1b creates a positive torque w about the cutput axis (s.
Fig. 3.2.2) causing a gositivc pickoff digle 6g which is sensed by an inductive, capacitive or optical
signal generator. In block F"(s% (demcdulator and filter) this is converted into a voltage u® as input
into the control network F'i&t). he wcgnt voltage of this netwcrk drives a current { which is conve

in the torquer to a torque ating the torque caused by the input signal and the disturbances
(N& = Mg = ~Hlu - D);. The diagram aiso indicates some of tie error sources - the pickoff offset angle
56, the control amplifier offset voltage 6u® and the offset current &1 - which may cause an input axis
misalignment or bias of the sensor.

torque nt for compensating the inpyt signal is related to the current th the torquer scale fac-
tor St or the command rate scale factor Mt'e St § = KST $). It is a true signal of the input angular
rate including the drift rate D, provi the loop gain is high F(s) + =. 1In this case the torquer
current for an gyro reads (s. Eq.(3.3.18d)):

teF -0 -51‘. (g - D). (4.2.10)
« The gorresponding voltage u taken over the precision resistor R is converted into an output angular rate
@ _= =S°u using the nomiml scale factor S derived from the nominal values of the torquer scale factor

St*, of the angular momentum and of the precision resistor R* which are in error as compared to the actual
parameters:

o] =-S"u = -§"Ri = (1 +«) (v = D) (4.2.1b)
with
tx Tn
s* - STR-I . % = F (8.2.28,b)
H

This indtcates the dominant role which the accuracy of the scale factor ™ has upon the accuracy
of the input signal's measurement. Comments on it are presen in Section 3.2.2.6.

4.2.2 Amalog-to-Digital Conversion (ADC)

For medium accuracy requirgments a commercial mlﬁh—diaiul conm_.ug; (ADC) (for instance ADC-16Q
with 16 bits, 15 bits resolution and 1 bit for slr\ acturer 09 Devices) may be used for
digitizing this signal. The corresponding block diagram including the subsequent sampl and scaling by

S', which copprises the gyrc scale factor S* and the ADC scale factor u'/y, is showm in Fig. 4,2.1b. The out-
put signal w] 1s a whole number presentation of the input signal &y but contains ADC errors (for ADC-16Q

in the order of 20 nonlinearity, 8 ppm/OC and 3 ppm/day), sensor ervors and noise due to the limited
resolution. The resolution is limited to the least significant bit (LS8); due to roundoff, information of
LS8/2 may get lost. The pesk value of this quantization error (uncovrelated moise) s

& e s S22 6Mm (4.2.3)
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for o™ = 100 /s and n = 16 bits such as with the ADC 160. At cortate sempling tetervels T* wae ABC 4
} read out for further evaluation.

4.2.3 Vol tage-to-Frequency Conversion (VFC)
fig. 4.2.2 indicates the digitizing of the cutput wo! u whan 8 ’

is us&i "or!!nsum Nodel & uma'?ﬂ = 100 kHz tul) um: MW‘ ‘ .
The voltage u is integrated. Each time the cutput voltage of the tatagre

an electric gum increment 4G of accurately known sres fs relessed (o reduce the fetagreter's ast .

A voltage pulse &P serves as outg:t. In this digitizimg s ne inforastion due 05 reualief? erver

b:cwn the output puise is fed back to the fntegrator. Only WCs with this dind of guise fusfheck
discussed.

One single VFC can handle only positive or n-a:un signals ynless 1t 13 blassd wiGh
the maximum positive or negative input signals. orse twe WC's can

of different sign. The weight of the output pulses 4P {s defingd by the seximm froguanty ™ = L/W of Ue
YFC at the maximum input vol u® whi in {3 related to the Genimm tegut anguler vate J° by U
nominal gyro scale factor S of €q. (4.2.2):

P = u™eP or MP = 5" AP = /P 2 3.6 arg sec. (4.2.00)

| The figure quoted is valid for ™ = 100 /s and ¥ = LU0 Kz a3 with the WWC Redel 458.) The puise
e train is fed to a reset counter which sums it; 1ts contants are again
::us‘uplim times TS when the countar is set to zero again. So the sutput of the reset Counder mmy sevve

]
!
:
i

- 23 angular increment measurement

/1P o8
M emdectar M) - { w dr o ot (4.2.8)
=]
- Or as medn angular rate wmeasurement |
1
X 1S s :
x 1l € - i
Wy, = .= dr+Eay ¢ D, 4.2.¢ !
SRRl et .20 |
This information is corrupted by noise <* or D = ¢3/T%, p‘cﬂn& first due to sensor amd VWG errors P i
{in the order of 100 ppm nonlinearity, 10 ppm/day and 10 with VFC Wode) 438 of Amalog Devices) Sy ,
u‘d :cond due to quantizetion errors, {.e. when the counter is read out, one increment may just have been ] i
misgsed. *

The peak value of the quantization error at sampling intarvals is:
a4 e P w36 are sec
0" =+ T a o (T P) - 360 O/ (4.2.7a,b)

for W® = 100 %/s, P = 100 kHz and T = 10 ms. It {s reduced by 1/m if wy s computed as the mean value over
the time t = wTS,

4 1}2 Section 4.3 we will see that this noise {f integrated does not give rise to a random walk type
v .

4.2.4 The Pulse Rebalance Loop (PRL)
A differert approach for accurate readout of inertial sensors, the so called “pulse rebalance l#" or
"incremental caging loop", ts shown in Fig. 4.2.3. A quantizer is placed into the ance Toop reledasing
3 current 1 of consfan% aplitude to flow the torgue generator in itive or negative directions
for the pulse time increment TP, The maximum input angular rate is thus defined by the current level
' flowing in one direction only

Pasty (4.2.8)

0t et 4 k. e 3

-

but reduced by the fact that the curvent is not applied continuously but as a flow of electric charges
A0 which need time to reach the maximum level. The reszulting torquer scale factor S' s thus reduced by a
cartain amount, 10 ¥ for instance. :

The time increment T of ona current pulse is

- either a constant time incremsnt, 1.e. positive or negative pulses of constant width ™ are spplied at
& frequency varying with the input signal ("pulse frequency modulation®, s. Fig. 4.2.3), or

- & variable tiw: fucrement, t.e. posttive and negative pulses at a constant carrier frequancy 1/T°
are applied, whereby the width varies with the input rute (“pulse width modulation®, s. Fig. 4.2.3).

Due to the {nductivity of the torquer coil the frequency of both torquing methods is much Tower than the one
of the VFC method (s. Section 4.2.3) unless capacitive compensation {s provided. A common value {s

. 1 kiz. (4.2.9)
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With the pulse frequency modulation each current pulse releases a voltage pulse AP for the subsequent
up down counter whose pulse weight is defined by

aoP = J/£P, (4.2.10)

The resolution of the pulse frequency modulation is thus limited to 100 times the values mentioned for
the VFC digitizing method in Eqs. (4.2.4) and (4.2.7).

With pulse width modulation the width of each pulse is measured with readout counting pulses of much
higher frequency

" = 1/T" = 256/TP = 256 (4.2.11)
(the figure is taken from [4.1]), thus improving the resolution of one pulse to
oP = JUFT, (8.2.12)

With the figure quoted above the resolution is 0.4 times the values mentioned for the VFC digitizing
method in Eqs. (4.2.4) and (4.2.7).

The pulse evaluation is the same as mentioned in Eqs. (4.2.5) and (4.2.6) for the VFC digitizing method.
Since "binary pulse width modulation (BPWM)}" is nowadays the preferred method of pulse torquing, its
block diagram and its functioning are briefly described based on Fig. 4.2.4 which is taken from [4.1].

The quantizer in this figure contains 3 function blocks:

- the generator for the pulse width signal including the digital modulation limiter,
- the synchronization block with switching bridge of high stability and
- the current control loop with reference voltage of high stability.

The sawtooth voltage uSt. added to the input voltage u‘.generates in the comparator the rebalance pulse
cycle TP, It is derived from a quartz-controlled frequency generator. T!I'e outeut of the comparator is posi-
tive or negative during each cycle depending upon the sign of the sum ul + uSt. The alectronics have to
inhibit the switching from positive to negative within a minimum time, i.e. within the rise-time of the
current (e.g. 0.1 TP) as mentioned above, and have to enable the switching at integer fractions of TP.
These functions are observed by the digital modulation limiter and the synchronization block.

Compared to the analog rebalance techniques and external digitizing process, BPWM pulse torguing
has the following advantages:

- the dissipated rebalance energy within the sensor is constant,

- it works only at two points of the torque-current characteristic of the torquer, and

- the sensor's cutput signal is not subject to additiona® error sources (ADC of VFC errocs).

Non.linearities may arise in BPWM-rebalanced sensors from eddy currents varying with the input signal.
These effects are minimized by observing certain rules in the design of the torquer [4.1].

Fig. 4.2.5 shows two test results for the stability of an accelerometer (Litef B 250) and an SOF gyro
(FerrantT W 2519) plus BPWM rebalance electronics designed at DFVLR.

The accelerometer readings were taken in 1976 during a period when earthquakes in China may have caused

movements in the foundation of the Jaboratory. The digital accelerometer readout, compensated for these move-
ments, has a mean slope of = 3 . 10°% g/day.

The gyro weasurements were taker with the axes in the optimal orientation (output axis up, s. Table
3.2.1a, Row 2). The readings prove that the stability of the sensor in this position plus rebalance loop
is better than 0.001 ©/h.

The pulse rebalance method may be used not only with inertial sensors but with all sensors with compen-
sation readout (e.g. flow and pressure sensors).

4.3 Stochastic Errors of the Digitizing Methods for Mechanical Inertial Sensors and Comparison with the
stochastic trrors of Laser Gyros

The quality of the output sicnal of an Analog-to-Digital Converter (ADC) on the one hand and of a Vol-
tage-to-Frequency Converter (VFC) and a Pulse Rebalance Loop (PRL) on the other hand is quite different
as we nave seen in Sections 4.2,2 to 4.2.4

- at sampling intervals TS the ADC delivers a whole number presentation of the input sinnal (angular
rate or acceleration, s. Fig. 4.2.1), and

- the VFC or the PRL delivers a pulse train (angle or velocity increments) which, in connection with
a counter, is read out and reset at sampling intervals TS; these may be interpreted as the integral

?: ;he);nput signal or as mean input signal during TS (s. Figs. 4.2.2 and 4.2.3 and Eqs. (4.2.5) and
.2.6)).

For this reason the quantization noise superposed on the useful signal is also of different quality, and
has different effects on a control or navigation system when the time integral is of prime interest.
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Fig. 4.2.1 reveals for the ADC that the quantization noise is not fed back in a control loop and causes
an uncorrelated noise in the output signal w]. If this signal is Tntegrated for computing an angle, as for
instance in a strapdown system, this noise causes an error, namely a random walk process with a standard
deviation growing with /&, even if we assume that the sensor measures the input signal correctly.

If we ook, with the same assumption, at the VFC and PRL digitizing methods in Figs. 4.2.2 and 4.2.3
we see that the noise due to the quantization process is fed back in a control loop. There is noise super-
posed on the output signal, but if the corresponding angular increments (s. Eq. (4.2.5)) are summed up for
the computation of the time integral of the output signal it will not contain a random waik error due to
this quantization process, but only the original uncorrelated noise,

The above mentioned assumption of an ideal sensor is certainly academic. Errors and random noise are
contained in all measuring processes as we have seen in Chapter 3. This section will only give an in-
dication that with the use of an ADC for digitizing gyro measurements in the laboratory the parameters of
maximum input rate, resolution of the ADC and required accuracy of *he measurement should be matched pro-
perly. This goal can hardly be achieved in an INS, precluding its use for this purpose.

We have seen in Section 3.5 that the output signal of a ring laser gyro (RLG), rotating with respect
to inertial space above the lock-in ratu,is a pulse train, each pulse having the dimension of an angle in-
crement in the order of magnitude of several arc seconds. In this respect the RLG is comparable to a mecha-
nical gyro whose output signal is digitized by a voltage to frequency converter (VFC) or which has a pulse
rebalance lcop (PRL) as discussed in the pravious sections.

For circumventing the lock-in effect in the RLG, certain bias techniques have to be provided (mechani-
cal dither, Faraday cell, magnetic mirror) which are of periodic nature, i.e. lead the RLG periodically
through the lock-in region. This causes stochastic errors per bias period which are not fed back into the
sensor. The RL3 theoretically is comparable in this respect with the mechanical gyro with ADC digitizing
method in which the quantization error was not fed back either. The resulting error in the subsequent
counter is the "random walk" drift discussed above.

It was also shown that the ideal mechanical gyro with VFC or PRL digitizing methods does not produce
this random walk error due to quantization aid compares advantageously with respect to the RLG. But in ge-
neral this advantage is only of academic val.e because it is overshadowed by other, more severe random
errors of the mechanical gyros (s. Tables 3.2.1 and 3.2.2).

We have seen in Sections 4.2.2 to 4.2.4 that the quantization noise of the digitized output signal of
mechanical sensors depends for all digitizing methods on the maximum input rate .® for which the method is
designed. The method of "range switching" is a means to adapt the quantization noise to the dynamic_environ-
ment to which the sensor is exposed. With this method the rebalanced sensor is designed for a low W™ with
low quantization noise. Most of the time the sensor will work in this mode. Only when this low o™ is ex-
ceeded, is the sensor plus readout switched automatically to a higher o™ by changing the measurement re-
sistor R in the ADC or VFC or the current level in the PRL digitizing methods.

Range switching opens new possibilities in the accurate rezdout of inertial sensors but also poses new
problems. We will not further discuss it here.

4.4 Review of Rules for Sampling Data

The measurements of inertiai sensors can be t Yen and stored digitally at sampled intervals nts (T8 =
sampling time increment) only, using one of the methoas described in the previous sections.

If analog-to-digital conversion (ADC, s. Section 4.2.2) is used and in the process of evaluating
the sampled data the continuous time history of the original signal is of significance, as in the analysis
of its frequency contents or in the computation of its time integral, certain well known rules have to be
observed for the preparation of the signal prior to Sampling in order to keep errors in the low frequency
domain due to the sampling process to a minimum. They shall be briefly summarized in this section follow-
ing the course of [4.7].

Voltage to frequency convarsion (VFC, s. Section 3.2.3) and the pulse rebalance loop (PRL, s. Sec-
tion 4.2.4) provide within the described limits an exact information of the increment integral of the mea-

surement or the mean value (s. Eq. (4.2.5) and (4.2.6)) and the preparation of the signal prior to sampling
is not necessary. !

In all cases the data evaluation is limited in its frequency bandwidth by the sampling process.

Due to the sampiing theorsm, the maximum frequency * contained in the signal x(t) to be sampled may
only be half the sampling frequency

" < 1y 2r). (4.4.1)

Only in that case the origfnal signal x(t) can be recoveared from the sampled signal x(nT%) using the
formula (s. [4.2], Eq. (3.5.15)).

x(t) =T x(ut®) SR RTn) (6.4.2)
nmes (t/T%-n)

Since the evaluation of this formula is impracticable, it is proposed in [4.3] to hold the sampled signal
constant over the sampling time and pass this through a low-pass filter with a band-pass cutoff freguency
of half the sampling frequency.

Whether the signal to be sumpled (at intervals 15, for data evaluation or storage) complies with the
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sampling theorem ngy best be tested by using an analu: frenquency analyser. If it contains frequencies
hiyher than 1/(2 T%) the sampling frequency has to be increased or filters have to be implemented. Prefer-
ably, these filters should be placed on the analog side (e.g9. shock mounts or lag networks), i.e. before
the signal is digitized, because any analog-to-digital conversion alreedy contains some kind of sampling
at frequencies higher than 1/T5. The analog filter tailored to 1/7% includes the sampling-theorem observa-
tion for the digitizing process.

Shock mounts have a resonance frequency ir the order of magnitude of 10 to 2C Hz, depending on the weight
supported. The raise in amplitude is approximately 4 at the resonance frequency, and the transmissibility
is below 5 % for frequsncies above 35 Hi.

For the analog presampling filtering,so-called Butterworth filters |4.3l. [4.41 are often used, because
their transfer function is not only maximally flat for frequencies below the break frequency but also de-
creases rapidly for higher frequencies.

Ouce the sampling theorem (4.4.1) has been violated the frequency spectrum of the sampled signe) is con-
taminated by the so-called "aliasing error* {4.2 and 4.3|. If a sine wave is sampled at integer fractions
of the period, for instance, the aliasing error may have a constant value! It is impossible to deduct the
aliasing error from the sampled data.

The aliasing error not only occurs if the input signal into the sampling device is not properly filtered
for meating the sampling theorem,but may also arise if the flight test data are evaluated at a frequency
Tower than recorded. If the presampling filtering was not sufficient for this data evaluation with sampling
intervals mTS (m>>1), the digital data have to be filtered again. In this procedure the additional filtering
has to be done in a digital computer, for which the following results from [4.5] may be used: the analog func-
tion

F(s) = 544 . ! A
(s) 7&} (147%) (14775) @43

is very well approximated digitally by the following algorithm:
1 a2
= 7 n) + 4y(n-1) + -2
6T 3 (T +70) 1A (T9)2 (™) 'EY( ) :( ) + y(n-2)]
+[12T41° - 4(1%)€] x(n-1)
(6710 - 3(1® + ) VA(T )?] x(n-2)). (4.4.4)

For a more general review of digital filter design see |4.3]. The whole topic of signal conditioning
is discussed more in detail in {4.6] to [4.8].

x(n)
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5. GYRNS AS STABILIZATION DEVICES

5.1 Direct Gyroscopic Stabilization

Direct gyroscopic stabilization has stimulated the minds of the engineers in many fields such as stabi-
lization of monorails, motorcars, ships and most recently satellites. On ships. it has been used since the
late 19th century [5.1]. Huge rotors, weighting up to 100 tons or wore were installed to damp out rolling
and pitching of a vessel. In the Polaris Submarine, for instance, a gyro is still used in this manner.

We will concentrate in this chapter on the direct stabilization of a vertical or heading reference which
will be discussed from the operational point of view in Chapter 6.

The gyro in a vertical and heading reference is a gimballe: two-degree-of-freedom (TOF) gyro as shown in
principle in Fig. 3.1.1b. The gyro case is directly mounted to the vehicle and the gimbals have high angu-
lar freedom about the two axes. For measuring the gimbal angle synchros or resolvers nr% ?norllly used,
The angular freedom about one of the ?mm axes 1is usually Vimited (approximately + 80° for the inner axis
in Fig. 3.1.1b) to prevent the so-called “gimbal lock™, i.e. to prevent the spin axis from becoming
aligned with the outer gimbal axis. See also Chapte: 6 for more details on attitude references.

In order to measure roll and pitch angles with a vertical gyro, the gyro in Fig. 3.1.1b is mounted in
the aircraft in such a way that the outer axis is parallel to the longitudinal axis and the inner axis
parallel to the lateral axis as indicated in E%g_ 5.1.1. The aircraft can then carry out unlimited roll
manoeuvres but the pitch angle should not reach + JU degrees.

For describing the performance of a gyro used in this manner as an attitude or heading reference we use
£qs. (3.4.6) nd regard:

fme

d=¢-3, ’ (£.1.1)
the angular rate vector 9_ of the gimbal angles (G corres s to the pickoff angle in Section 3.4) as being
compysed of the attitude or heuding angular rate vector of the aircraft {roll, pitch and yaw angular
rate) plus the misalignment angular rate vector ¢ of thé gyro's spin vector with respect to the vertical
or true north.

fynchro

Roll axis

Spin axis

Torquer a— Synchro

Gravity
sensors

Pitch axis

Fig. 5.1.1 Principle of the Vertical Gyro
So we obtain from Eq. (3.4.6):

E-de-a eengie) ] @ D) (5.1.2)
with the transfer function of the undamped gimballed TOF gyro from Eq. (3.4.5):
. 9 s? Ys -1 )
g"(s) = [ “Hs % 52] (5.3.3)
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The input angular rate vector gi of the gyro case is composed of the angular rate g of the aircraft
with respect to the reference und that of the reference with respect to inertial space («i7).

With this assumption Eq. (5.1.2) becomes:

B asHg(s) ] (@t + D). (5.1.4)

For low input frequencies (s +0) we may neglect the inertia term in the gyro transfer function, when we
obtain:

-1
A T (5.1.5)
in t

e ==y +

+D. (5.1.6)
This rehtionshm shows that the untorqued gyro (yt = () drifts away from the reference direction at
the angular rate o' of the reference direction with respect to inertial sguce plus the drift rate D of the

sensor. On a moving vehicle the former is equal to the sum of earth rate plus transport rate (s. Eqs.

2.19 ;f.)) i.e. of the order of magnitude of 15 O/h + V/R (V = velocity of the vehicle, R = radius of the
earth).

e

The error angle is held within certain limits if control loops from sensors which measure the misalign-

ment € are implemented to the gyro torquers. Following the discussion of the caging loop of a TDF gyro in
Chapter 3.4.4 we write (s. Eq. (3.4.20)):

Hlot=dte - E(s) (c+ 80) (5.1.7)

where ¢ is the sensor error. In the case of a vertical gyro the e-sensors for the two axes are, for example,
bubble Teveis or accelerometers and 6c is the error due to sensor bias or horizontal acceleration. The

crqsstax;: component of the control loop is used to compensate the input angular rate and, assuming its
gain to

0 ko i K (5.1.8

E(s) = x 0 -L N ol )
we obtain from Eqs. (5.1.4) and (5.1.7):

= ags)™ e Eo™ 18 aMen] B - s sn (5.1.9,b)

1 H , _in y
sreT K (=" +D) - ).

As compared to the caging loop of a TOF gyro the gain K of the control loop or the inverse of the sen-
sor's time constant are much smaller

T= % = 1 min (5.1.10}

because the stabilization gyro serves as a mechanical low-pass filter, similar to an inert mass but with
the advantage of

- much lower weight , and
- reacting to comand torques with an angular rate and not with an angular acceleration.

For the low input frequencies the performance of the gyro, in holding the r~"erence direction, is limited
by:

e o T (- +D) - s, (5.1.11)

i.e, it is limited by the sensor errors, the drift and the non-compenssted earth rate plus transport rate.
The non-compensated earth rate causes a constant error angle of

e = 15 arc min (5.1.12)

if T = 1 min. From this point of view a lower time constant, i{.e. & higher gain of the control loop is

desirable. But this would decrease the low pass filter effectiveness of the gyro and make it more sensitive
to accelerations,

F”iﬁ" high-frequency response of the gyro we may assume that the control 1007 is open (F(s) = 0) and
that w ' = 0, when Eq. {5.1.9a) reduces to

€ -g¥s) o= g (5.1.13)

For a step function in the disturbance torque about the [-axis the gyro will respund with the undamped
nutation and the precession as shown in Fig. 3.4.2,

Nutation may be annoying in the undamped stabilizing TDF gyro especially shortly after power switch-on
and switch-off when the spin rate is not yet high enough and the nutation frequency
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W e g (5.1.14)
1Yo
(s.(Eq. 3.4.8) with n = spin rate, I = moment of inertia of rotor about spin axis, Ji.0 = moments of iner-
tia of rotor plus gimbal about transverse I, O-axis) is low so that the amplitude of lge oscillation may
be correspondingly high (s. Eq. (3.4.10)). To prevent nutation during turn-on and turn-off, special brakes
may be installied in the gyro. For in-flight operation, electrical damping for the nutation frejuency is
not feasible because 1t would degrade the actual task of the gyro - the storage of reference direction.
According to (5.2] “inertial dampers” (simple spring-mass-dashpot combinatinn attached to the gimbal) are
the only means to suppress this osciilation if required.

£q. (5.1.14) also shows us that the gimbals of the stabitizing gyro should not be too heavy because
they would lower the nutation frequency. 3ecausa of this one also will hardly find a platform with di-
rect gyroscopic stabilization. The attitude and heading reference system {AHRS) mode] SYP 820 discussed in
Section 6.3 and shown in Fig. 6.3.3 may serve as an example. The VG in this system has direct stabilization
but is decoupled from the platform. The platform follows the VG in the low frequency range by means of a
servo loop between the V6 pickoffs and the platform torquers, thus preventing the lowering of the nutation
frequency into an undesirable range.

In a gyro with direct stabilization the uncertainty torques,and consequently the drifts due to mass un-
balance of the rotor and gimbal set and due to friction in the gimbal bearings,increase with their weight.
This is another reason why only separate VG's and DG's have direct stabilization. For lowering the effect
of friction the gimbal bearings are designed as “"rotorace"-bearings, f.e. as ball bearings in which the
cuter ring is rotated in an alternating sense. In the nexi sections we will discuss the servo loop stabi-
Vization which is superior to direct stabilization in many respects.

5.2 Gyroscopic Stabilization by Means of Servo-Loops

Gyroscopic stabilization of a platform by mesns of servo loops from the gyro pickoffs to the gimbal
servo movors is always applied when

- high stabilization accuracies are required, or
- large masses have to be stabilized.

Combined vertical and directional gyroscopic packages (VG/DG packages) and platforms of inertial nava-
gation systems are stabilized in this way. Since the layout of stabilization loops and the dynamics of the
closed loop system differ for single-degree-of freedom (SOF) or two-degree-of-freedom (TOF) gyros, we will
discuss them separately.

5.2.1 Servo-Loop Stabilization of a Platform Using Single-Degree-of-Freedom Gyros

Fig. 5.2.1 shows the principle of the piztform using SOF gyros. The sensor is mounted on this single
axis platform, with its input axis parallel to the axis to be stabilized. The output axis of the gro is
orthogonal to it. The control loop is implemented from the gyro pickoff (P0) to the servo motor (SM) of the
platform via the network F(s).

Output Axis

a / Pickof! Axis

Input Axis
Stabllized Axis

Fig. 5.2.1 Platform Stabilization by Means of a Single-Degree-of-Freedom Gyro
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Comparing the upen-loop SDF gyro/platform assembly in this figure with the gimballed two-degree-of-free-
dom-gyro in Fig. 3.1.1b, we immediately see the c.~monality and we are allowed to use the performance e ua-
tion (3.4.2) for discussing the dynamics of the stabilized single axis platform (SAP). In Eq. {3.4.2) we
recognize in the lower row all the terms of. the rate integrating gyro (RIG) performance equation (3.3.11);
the other terms describe the dynsmics of the platform about the input axis and the reaction torque Hpo, of
the SOF gyro in this axis. Before using Eq. (3.4.2) we will introduce a ‘ew assumptions and minor changes
in the notation.

in case of the TOF gyro.é was the rate of the pickoff angle with respect to the case and u‘i the angular
rate of the gyro case with respect to inertial space. With the SAP, w' is the motion of the Base with re-
spect to ine~tia) space,which only affects the SAP dynamics through The friction in the gimbal bearings if
the motign about the O-axis is assumed to be 2zero. The friction torque can be included in the disturbance
torque NY/H which alsa contains unbalance torques and other effects acting on the platform about the I-axis
and rspllcos the drift Da in Eq. (3.4.2). This allows us to discard the w'-term in this component and re-
gard 1 the motion w} of the platform with respect to inertial space.

It is obvious that we have to introduce in Eq. (3.4.2) the moment of inertia J? of the platform plus
gyro about the I-axis and also the viscous torque coefficient CP of the gimbal bearings.

The servo loop is taken into account by weans of the relationship in the Laplace domain (marked with ):
a5 & W3/M = - F(s) 8. (5.2.1)

So we find as performance equation of the single axis platform stabilized by » single-degree-of-freedom
qyre:

Tl

(PBs+cP) s eFR(s) 1 (aPr | W

1 - -
-1 § g s+ 0s A' % -(a} s, . (5.2.2)

The open loop SAP (F(s) = 0) with zera damping (Cp = Ce 0‘ will react to a step function in the input
command rate in the same way as the TDF gyro shown in Fig. 3.4.2, {.e. with a precession and superimposed
nutation. The natural frequency and the damping ratio for the damped nutation oscillation of the SAP

e H ) !
p P
91 Yo 91 Yo
P, cP
¢+ Py,
¢ 2 (5.2.30,b)
2 280

differ from the ones for the TDF qyro in Eqs. (3.4.8a,b) only in the inertia term J‘l) and the viscous damp-

ing coefficients P of the gimbal bearings. Assuming J1 = SO Jg, the nutation frequency of the SAP will be
lowered by the factor 1/7 as compared to a TOF gyro for which we assume the same moments of inertis and
spin rate as the SDF gyro mounted on the SAP. For a rate integrating gyro with C > CP the damping ratio
will be increased by the factor 7. The damping ratio will be very small for a double integrating gyro prov-
ing that the layout of the corresponding servo loop requires more attention as with the rate integrating
gyro (s. 55.3] . Chapter 5.5). (Ne wil) see in the next section that the layout of the servo loop of a plat-
form stabilized by a TDF is fairly decoupled from the interior dynamics of the sensor.)

In the layout of the servo loop the closed loop compliance of the SAP

X (99 s +C) W c ¥
4 3 2 7 p - (5.2.4)
B st (Cof + CPag)s® + (e + €PO)s + HF(s) seo HFo)

(with o3 = fuy dt = input angle) or the inverse of the compliance, the "torque stiffness", plays the domi-
nant role and (5.3 and 5.4] discuss it more in detail,

For low frequencies the compliance tends to zero if an integrating network is implemented (F{o) » =).
The cumpliance also tends to zero for high freouencies (s +w) when the inertias of the platform and gyro
help to counteract the disturbance torque. But this is so only as a first approximation, since angular
vibrations of the platform may excite constant drift terms in the gyro corresponding to the ones listed
in Table 3.2.1b for strapdown gyros. They are nonlinear and could not be included in this amalysis. They
confirm the statement ?Wen in [5.3], Chapter 3.2 that the amplitudes 41 of the angular vibrations in high
quality platforms should be below a few seconds of arc over the whole frequency range.

The two relationships in Eq. (5.2.2) become decoupled

- in the low frequency range of the command rate u} and the drift N acting on the gyro in inertial navi-
gation systems (in this case sy 0) or

- if the servo loop stiffness F(s) is assumed very high (in this case §,+0 according to Eq. (5.2.1)).
0

In both cases we obtain from Eqs. (5.2.1) and (5.2.2):
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u}p * u:' QDI

Mg = M3 w - Wl L BB GIP PP, (5.2.5a,b)

These are important relations from which we can deduce the following properties of the SAP:

a) For the stabilization of platforms one can, in principle, use rate gyros as well as integrating gyros
or double integrating gyros (s. €qs. (3.3.8 and 13) for e, = 0). The former are disadvantageous. how-
ever, as their accuracy is limited (s. Section 3.3.2) and, in addition, errors in the pickoff cause a
platform drift. ¢

b) A constant command torque HB/H = -u] about the gyro's output axis causes a constant angular rate of

the platform about the gyro's input axis (s. Eq. (5.2.5a)).
1f for instance in Figure 5.2.1 we attach a small lead weight to one side of the gimbal, the plat-

form starts turning about its vertical axis with respect to the inertial frame, as it was also shown
in Figure 3.2.2 for the free gyro. The same is valid for applying a constant voltage to the torquer.

c) The drift-generating disturbance torques Mg/H = - Dp cause a drift of the platform about the input

axis (s. Eq. (5.2.53)).

d) Disturbance torques on the platform due to imperfect balancing or to friction torques in the platform
bearings when the vehicle is rotating are compensated in the servo motor, i.e. the platform is in-
sensitive to exterior disturbances (s, Eq. (5.2.5b)).

One will, of course, balance tne platform as perfectly as possible and keep it free from friction in
order to be able to keep the servo motors small and to avoid unnecessary consumption of energy.

Summing up, it car. be stated that the servo-loop stabilized platform is comparable with a free gyro
whose gimbals and gimbal bearings do not transmit any disturbing moments on to the rotor. In this respect
it is by far superior to the direct gyroscopic stabilization discussed in the previous section. It is also
superior from the viewpoint of dynamics, since the nutation frequency which is problematic with the direct
gyroscopic stabilization of a platform (5. Section 5.1) does not pose a problem with servo-loop stabil.za-
tion. Damping is achieved by the sensor's viscosity (rate integrating gyro) and the laycut of the servo-
loop.

The sbove mentioned properties hold in principle also for the servo-loop stabilization of a platform
about more than one axis by means of SDF gyros or two-degree-of-freedom (TDF) gyros. This will be described

in the next sections.
5.2.2 Servo-Loop Stabilization of a Platform Using Two-Deqree-of-Freedom Gyros

Dgyro) is, as & matter of principle,
gyro).

Stabilizing a platform by means of a two-degree-of-freedem gyro (TOF
considerably easier than by means of a single-degree-of-freedom gyro (S!

Only one sensor is required for the stabilization uf two axes,as shown in Fig. 5.2.2. The axes to be
stabilized and the pickoff axss are parallel to each other and not perpendicular as was the case with

the SOF gyro in Fig. 5.2.1.

Fig. 5.2.2 Platform Stabilization by Means of a Two-Degree-of-Freedom Gyro
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Bases for the discusston of the dynamics of a platform stabilized in this manner are the performance
equations {3.4.6a and 14a) of the gimballed and floated TDF gyro, the free-rotor gyro (FRG) and the dyma-
| mically tuned gyro (DTG). If G(s) is the true gyro transfer function including damped nutation for the
floated TDF gyro (s. Eq. (3.4.4)) and including the additional coupling drift rates of the FRG and DTG, !
etc. (s, Eq. (3.4.12)) and §"(s) includes only the undamped nutation (s. Eq. (3.4.5)), ther: ‘

eg) Do at e @ v b (5.2.6)

The moments acting on the platform are described by:
Wi el (Psagha, (5.2.7)

where we have included in !d al) disturbance torques actiry on the platform due to friction in the gimba}
bearings, unbalance of the platform, etc.; the torque M5 supplied by the servo motor in the closed servo-
Toop s (s. Fi9. 5.2.2)

F.(s) O C (8 .
-¢ ) l 1 .
W= -F(s)0~ - N (5.2.8)
(o Fols), (o
the mament of inertia tensor of the platform is
p N
JI 0 ,
P . ‘
- 0 wo, (5.2.9)
1
and finally
P
i \Cl 0
: P,
| ¢ l P
;,' 0 - (5.2.10)

is the viscous damping tensor of the gimbal bearings.

We will carry out the following discussion making some simplifications. With proper design of the servo
loop the pickoff angle in Eq. (5.2.8) will be keot very low (<1 arc sec), so that £q. (5.2.6) reduces to
the performance equation of the platform stabilized by the floated TOF gqvro. the FRG and DTG:

al . sHg"(s) 1 (ét + D) - Q‘ + 0. (5.2.11a,b) :

The approximation in Eq. (5.2.11b) is valid for low frequencies and a high gain netwark (F(0) + = D,
when the ghtfom follows the command rates ot applied to the gyros and the drift rates D. The servo motor
torques M will then counteract the disturbance torques applied to the platform (s. Eq. (5.2.7) for
w! = 0).7This corresponds to the single axis platform {SAP) discussed in Section 5.2.1,and all comments

given there apply siso here. :

The high frequency performance equation (5.2.11a) depends on the transfer function of the undamped TDF
gyro G"(s) (s. Eq. (3.4.5)) and not on the original transfer functions G(s) in Eqs. (3.4.4 and 3.4.12),
which is surprising. If one could accept this result without scepticism it would indicate thag the plat-
form stabilized by the floated TOF gyro, the FRG or DTG would respond to a step function in &%, for ins.ance,
with the undamped nutation frequency of the TOF gyro as shown in Fig. 3.4.2. This is a resylt of our assump-
tion that the servo loop will not allow any relative motion between gyro float and case (6 + 0) so that
the viscous damping of the floated TOF gyro and the coupling drift terms in the FRG and DTG remain zero.
This interpretation is certainly academic since the platform cannot follow the nutation frequency
of several 100 Hz. Once stimulated the gyro float will carry out the damped nutation frequency uncoupled
from the platform and ¢ # 0.

S — e,

But Eq. (5.2.11a) is of practical use in the low frequency range as its independence from the FRG trans-
' fer function G(s) in Eq. (3.4.12) indicates that the coupling drift of the FRG discussed in Eq. (3.4.11 to
| 17) including the detuning drift of the DTG discussed in Eq. (3.4.33 to 36) remain insignificant,

But let us again remember that we arrived at this result by assuming that for low frequencies (s + 0)
the servo-loop gain and consequently the torque stiffness of the platform are very h'iah (F(s) + = or

/8 » =, 5. Eq. (5.2.4)). If this is not the case, any constant disturbance torque will cause a con-
stant pickoff angle and consequently a drift of the platform due to coupling and detuning.

The “torque stiffness” (or its inverse, the compliance of the platform in the high frequency range)
may be derived from Eqs. (5.2.6) to (5.2.10). We may assume for the moment gt =D » 0 and §(s) = §*(s) (s.
Eqs. (3.4.4), (3.4.12) and (3.4.5))when we obtain from Eq. (5.2.6):

3 R D (5.2.12) '
= angular displacement of the platform with respect to inerttal space. Introducing this into Eqs. !

[)
.B) and (5.2.7) we arrive at the following compifance of the platform in the high frequency range sta-
ed ay TOF gyros:

A NI . ' r/
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b= [Pl e Psa syt M (5.2.13)

which for a constant transfer function F(s) of the servo-loop describes the oscillation of a spring-mass-
dashpot-system. It tends to zero for very high frequencies when the platform inertia counteracts the dis-
turbance torque. As distinguished from the compliance in £q. {5.2.4) of the platform stabilized by a
single-degree-of-freedom gyro, the compliance of the platform stabilized by TDF gyros is independent of the
characteristics of the sensor.

The assumption that D = 0 in the high frequency range is not quite realistic, since we know from Tatle

e e n e e ek s v e

F e

3.2.2b that ali TDF gyros are sensitive to angular vibrations in a similar way to SOF gyros. The DTG is espe-

cially sensitive to angular vibrations at twice the spin frequency (s. Section 3.4.52 and special filters
{e.g. comb filters) are implemented in the servo-loop to prevent these frequencies from penetrating from
the gyro pickoff to the servo motor and causing a rectified drift of the gyro and platform. As already
mentioned in Section 3.4.5 mechanical cross-talk between the gyros cannot be prevented. Those effects are
nonlinear and could not be included in this analysis.

5.3 Three-Gimbal Platforms (TGP)

For a platform to stay “base-motion isolated", i.e. decovpled from the angular motion of a ve-
hicle atout a1l three axes, it must be mounted in a set of at least three gimbals as shown in Fig. 5.3.1
and must be equipped with three single-degree-of-freedom (SOF) or two two-degree-of-freedom (TDF) gyros,
plus servo-loops from the gyro pickoffs to the servo motors on the gimbals.

Pitch Axis NA, EA,VA = North, East, Vertical

Accelerometer

NG, EG,VG = North, East, Vertical
Gyro

RR, PR, YR = Roll, Pitch, Yaw Resolver

SM = Gimbal Servo Motors
Roll ‘Axis P = Platform
oG = Outer Gimbat
Yaw Axis G = Inner Gimbal

Fig. 5.3.1 Schematic View of Three-Gimbal Platform (TGP)

In Fig. 5.3.1 the three SDF gyros are denoted as north-, east- and azimuth gyro (NG, EG, AG). An important
step in the design of the platform and its servo-loop is again to verify the performance equation as de-
rived in the former two sections for the single axis and two axes platforms:

WPt e (5.3.1)
with the only difference that the angular rate vector wip of the platform with respect to inertial space,
the slewing rate vector wt applied to the gyros' torquer and the gyros's drift rate vector D have three
components, for instance in the north, east and down directions. The gyro stabilized TGP wiTl then behave
1ike & free gyro abo?t all three axes, i.e. the noh-slewed and driftless TGP wil) keep its crientation

to inertial space (w'P = wie + wep = 0). On the rotating earth it will move with respect to the ground in
a 24h-mode in a sense opposite to earth rate wl® as jndicated in Fig. 5.3.2.

The generation of the slewing rate gt for using the TGP in an inertial navigation system will be subject
of Chapter 7.

The drift rates are discussed in Sections 3.3 and 3.4 and some error terms are listed in Tables 3.2.la,b
and 3.2.2a,b, where Table 3.2.1a and 3.2,.2a contain all the terms under the assumption that the engineers
who designed the platform and its servo-loops have met the requirement mentioned in Section 5.2.1, i.e.
that the vibratory angular implitudes of the operating platform are below a few seconds of arc. The error
terms in Tables 3.2.1b and 3.2.2b may serve as an expedient to verify these requirements.

We will discuss in this section some of the problems the control engineer faces before he reaches the
goal mentioned in Eq. (5.3.1).
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! Fig. 5.3.2 The Free Gyro on the Rotating Earth
For moderate pitch angles of the aircraft (theoretically < + 90°. in practice < + 60° to 709, s. ESA]
and [5.5]) only three gimbals are required for the stabilization of a platform, as shown in Fig. 5.3.1, |
where the sequence of the gimbals is such that the angular freedom (yaw angle y) between platform and }

inner gimbal is along the down or vertical axis of the aircraft, the angular freedom {pitch angle o) be-
tween the inner and outer gimbals is along the lateral axis amd the angular freedom (roll angle ¢) between
the outer gimbal and aircraft is along the longitudinal axis of the aircraft. This enables the synchros
mounted on the gimbal axes to indicate yaw, roll and pitch angles (v, ¢, ©) of the aircraft. Other gimbal
sequences are also possible, but in these cases the gimbal synchros do not directly indicate the generally ,
used attitude and heading angles and the angle limitation is in another axis. L

The control loops for platform stabilization discussed in the previous sections were derived for the
torque vector ﬂ; in the platform coordinate system with the components "'s‘ E.D for the north, east and down
e
oriented platform. Since the gimbal servo motor torque vector !: with the components M's‘ P.D along the roll
L A

axis, the pitch and down axis moves with respect to the platform when the aircraft is maneouvering, a co-
ordinate transformation is “equired before the torque commands are applied to each servo motor. For the
sequence of gimbals mentioned above we obtair the following dependence of the servo motor torques on the

platform torques when the aircraft is maneouvering: f
.' (MR‘- s secocosy -secosiny 01 [m 1S !
. S S _
M - iMP = Qsp !p = sin v cos ¥ o e (5.3.2)
lMDJ ) -tan @ cos ¢ tan @ sin ¢ 1 "D

The platform torques on the right hand side must be related to the gyro pickoff angles in the following
way (s. Egs. (5.2.1) and (5.2.8)).

s - p : ;
ﬂp = -F(s) 8 = -F(s) [ &, (5.3.3a,b) ‘ :3
where Eq. (5.3.3b) is valid for equal servo loop transfer functions in all three axes. We introduce this s
into Eg. (5.3.2) ) : !
B
M- Fs) g8 (5.3.4) é
and have now a basis for connecting the pickoff angles 8 with the electronic networks F(s) and the servo T
wotors as can be seen on the left side of Fig. §.3.3. The right side shows the backward coordinate transfor- B

mation Cpg carried out by the gimbals. Thus we se€ that the servo motor torques in Eq. (5.3.4) can ) i
really sﬂpply the torque required in the platform coordinate frame (s. £q. (5.3.3b)), i{.e. independent of : :
the roll, pitch and yaw angle they can address one component on the platform. This zero cross coupling of ‘
the torques is only true in the static case. In the dynamic case the following evfects cause cross coupling !
between the axes: :
- varying load torques due to angular acceleration of the gimbals and changing woments of inertia and
products of inertia (s. [5.4], Chapter 5 and [5.6], Chapter 11.8),

- varying friction torques of the gimbal bearings and sliprings,

»
A Y




Fig. 5.3.3 Block Uiagram for the Three Axis Platform Stabilization
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- interaxis sensor coupling (s. [5.3], Chapter 5, 9 and [5.4], Chapter §), mechanical gyros not only re- ;
spond to angular rates about the input axis but also to angular acceleration about the output axis, !

s.)Tables 3.2.1b and 3.2.2b; in [5.4] considerations on SDF gyro output axis orientation are present- |
ed), and :

- sensitivity of the gyro (s. Tables 3.2.1a,b and 3.2.2a,b) and the platform gimbal structure to linear |
acceleration and apgular vibration.

It is the task of the mechanical engineers and the control engineers to reduce these effects to a toler- ) !
able level. Their efforts are measured in frequency plots.of }he dynamic torque stiffness or platform com- :
pliance (s. Eqs. (5.2.4) and (5.2.13)) or as ratios of mpi/ub » i.e. as ratios of the platform angular 2
rate in the i-axis over base angular rate in the j-axis. For i = j this ratio measures “base motion isola- i ‘
tion", otherwise the cross coupling. Fig. 5.3.4 shows a platform frequency plot for the Bodenseewerk Gerite- x |
technik TNP 627, an inertial navigation platform equipped with two dynamically tuned gyroscopes (Gyroflex
of Singer Kearfott, USA). At low frequencies the platform responds to an unbalance of 0.01 Nm with a tilt
of 2 arc sec. The platfom stiffness decreases by one order of magnitude at high frequencies (5 to 50 Hz)
due to the decreasing servo loop response. At very high frequencies it increases again due to the inertia
of the platform and the gimbals as we have seen in the discussion of Eq. (5.2.13).
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Fig. 5.3.4 Frequency Plot of Closed Inner Ro1l Platform Compliance (TNP 627)

5.4 Four-Gimbal Platforms (FGP)

In practice the three-gimbal platform (TGP) is limited to pitch angles below +60° to 70° (s. [5.4] and
[5.5]). For higher maneouverability the four-gimbal platform (FGP) shown schematTcally in Fig. § * 1 has
to be used.
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Roll Axis |

Yaw Axis

NA, EA,VA = North, East, Vertical
Accelerometer

NG,EG,VG = North, East, Vertical
Gyro

RR, PR, YR, = Roll, Pitch, Yaw,
AR Auxilieri Resolver

SM = Gimbal Servo Motors.
P = Piatform

oG = Former Outer Gimbal
oG’ = Outer Gimbal

= Inner Gimbal

Fig. 5.4.1 Schematic View of Four-Gimbal Platform (FGP)

The FGP is a TGP (s. Fig. 5.3.1) mounted in an additional outer gimbal 0G' but with its roll and pitch
axes trunsposed. The three innermost servo motors are controlled as in the TGP but the outer roll servo
motor is controlled by the angle between the inner gimbal IG and the former outer gimbal 0G. Its task is
to keep this angle ¢' zero in normal flight. With the Litton LN-3 system, for instance [5.;] , its freedom

is limited to +200. In the TGP ¢' was the critical angle o (the aircraft's pitch angle) an

assuming that

the angle notstion of FGP is ¢, ¢', 6, ¢ for the synchros from inside to outside (it was ¥, © and ¢ for the
TGP) we see from Eq. (5.3.2) and Fig. 5.3.3 when we replace © by ¢' = 0 that the network from the gyro
pickoffs to the servo motors simplifies considerably. In this servo loop only the y-resolver is of signi-

ficance.

If the aircraft passes the critical region where gimbal lock would occur with the TGP (pitch angle ver- !
tical, i.e. azimuth axis and roll axis coincide) the control loop from the inner roll angle o' to the .

outer rol® servo motor changes its sign and becomes unstable. This causes the outer gimbal 0G' to szek
another equilibrium which is 180° away from the initial equilibrium. The FGP thus trades the “gimbal
lock" problem for the “gimbal flip" problem which requires a servo loop fast enough so that the gyros do
not hit their stops during the maneuver of the aircraft. In the LN-3 system the gimbal flip requires less

than 0.3 s to achieve 90° of the required 180° change [5.7].

In an aircraft carrying out a loop maneuver with subsequent roll the gimbal angles for heading and roll
will go through 1809-reversals during gimbal fl1ip so that thereafter the platform indicates again roll,
pitch and azimuth in the proper way. During gimbal f1 11 an inner roll angle ¢' develops and reaches its

maximum at a time & = 0.3 s in the LN-3 platform [5.7

when the outer rol) ?mm has rotated slightly
more than 900 of the required 180v. The inner roll angle is then approximate

y equal to the pitch rate of

the maneuver multiplied by AT [5.7]. It affects the indication of roll, pitch and azimuth as shown in
(5.4], Eqs. (5-73) and (5-74). A detailed analysis of the gimbal flip kinematics is presented in t)is

reference.
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6. ATTITUDE AND HEADING REFERENCES

In many applications for the evaluation of flight tests information about the aircraft attitude and
heading is required. In this chapter different sensors for the aircraft roll, pitch and yaw angles are
discussed (s. also Chapter 5):

Verticai Gyro (VG), measuring roll and pitch angles.

Directional Gyro (DG), measuring the angle between the aircraft roll axis and a reference direction
{e. y. true north).

Attitude and Heading Reference System (AHRS); a combination of a V6 and a DG measuring the aircraft
roll, pitch and yaw angles with medium accuracy.

Attitude Platform; a gyro stabilized three- or four-gimbal platform, measuring the aircraft roll,
pitch and yaw angles with high accuracy.

- Strapdown attitude and heading reference systems in which the aircraft roll, pitch and yaw angles
are computed with high accuracy based on gyru and accelerometer measurements.

6.1 Vertical Gyro (VG)

A vertical gyro is a two-degree-of-freedom gyro with its spin axis vertical. The gimbal angles give the
aircraft attitude (roll, pitch) with respect to local vertical {Fig. 6.1.1). In normal operation, the VG
outer gimbal is aligned parallel to the aircraft's longitudinal axqs. the inner gimbal is parallel to the
lateral axis and the spin axis is parallel to the vertical axis. The gyro soin axis is maintained parallel
to local vertical by an erection system which uses the signals from a gravity sensing device (two bubble
levels in Fig. 6.1.1). A torque proportional to the output of these sensors is applied to the gyro, pre-
cessing its spin axis towards the local vertical in unaccelerated flight.

In a first order erection loop (Fig. 6.1.1) the amplified ?ravity sensor si?ul.uhich is proportional
to the deviation e of the spin axis from the apparent vertical, is directly applied to the ?yro torquers.
The response of this elementary VG in one axis to a horizontal acceleration f can be described by a first
order differential equation:

E=-Kge+Kf+aw (6.1.1)

T = 1/{(K g) 1is the Joop time constant and w is the sum of the gyro drift rate and the component of the
rate of rotation in inertial coordinates of the local vertical along the gyro input axis.

The block diagram in Fig. 6.1.2 illustrates the Equation (6.1.1). Usually a value of K is chosen such
that the loop time constant T is of tne order of one minute. This compromise value ensures that the error
angles due to drift (w) do not become too large and that, on the other hand, the transient horizontal ac-
celeration (f) during aircraft maneuvers does not have too large an influence. The influence of these ma-

A

Rotor

Levels

Fig. 6.1.1 Vertical Gyro Principle
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neuver accelerations would not be negligible during prolonged turn if no additional measures were taken. In
a steady state turn al 20° roll angle at a turn rate of 180 degrees/min the error in the indicated verti-
cal would be about 8 degrees after a 90-degree-turn and about 13 degrees after a 180-degree-turn.

Two types of nonlinearities are usually intreduced to reduce these errors (see Fig. 6.1.3)

- erection cut ofg: The gyro precession signal is cut off when the sensed acceleration is greater than a
certain value ¥ (typical 0.2 g), and

- precession rate saturation: The precession rate is proportional to the sensed acceleration f until a
value 3 is reached. After that the precession rate is constant. A typical value for is 0.01 g.

Fig. 6.1.3 illustrates the application of both nonlinearities at the same time. With these nonlinearities
the maximum acceleration-induced errors can be kept smalier than 19,

Since the direction of the local vertical changes with respect to inertial space as a result of
earth rotationrgearth rate) and of the aircraft motion around the earth (transport rate), a hang-off angle
in the first order VG erection system occurs. This can b: explained with the help of Fig. 6.1.2. The sum
of the angular rates due to the rotation of the earth and the speed of the aircraft are

mm” = Q COS¢ CoSy

upitCh = Ccosy siny + V/R, (6.1.2)

? Tatitude
q = 15%h, earth rate

% = aircraft heading
¥ = aircraft velocity
R = 6400 km, earth radius.

Constant inputs (mr°1] + drift) and (mpitCh + drift) are compensated in the first order roll arnd pitch loops

(Fig. 6.1.2) by a static error €°, with

Saroll (6.1.3)

=T Q cose cosy
¢S L 1 (a cose sing + V/R). (6.1.4)
For a Toop time constant of one minute static errors of up to 0.5 degrees can occur.
The static error s can be reduced by using a second order erection loop, as shown in Fig. 6.1.4. The
inclusfon of an additional integrator in the loop has the effect that (constant) ratei'i%?ﬁ'i?'gyro

drift and rotation of the local level are compensated. In stationary conditions, this integrator's output
will be equal to these rate inputs with opposite sign, so that their influence is compensated.

W

f + X + €

Fig. 6.1.2 Block Diagram of the Vertical Gyro Error Equation (6.1.1)

w
1
+
f + _ | [ + .t
- | f* f
i

Fig. 6.1.3 Erection Cut Off and Precession Rate Saturation of a Vertical Gyro
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g N
Fig. 6.1.4 Second Order Erection Loop of a Vertical Gyro

HARDWARE EXAMPLE: SPERRY VG-14 Vertical Gyro

Fig. 6.1.5 shows the Vertical Gyro V6~14 which consists cf two basic parts: an electronics unit, con-
taining the erection control, torquer drivers, wonitors, detectors and power supply control circuiir:, and
a gyro unit, containing the gyro motor, gimbals, torquer motors, synchros and 1iquid level switches, Lead-
ing particulars for the VG-14 are listed in Table 6.1.1.

A mechanical diagram of the VG-14 is given in Fig. 6.1.6. The gyro erection circuitry uses the signals
from two 11quid level switches (S1 and 52 in Fig. B.I.B) to correct the position of the pitch and roll
gimbals with respect to the Tocal vertical. These switches consist of glass tubes partially filled with an
electrolyte, two end electrodes and a common.electrode. When the switch is level, the electrolyte touches
both end electrodes and the common electrode, forming two ground paths. Tilting the switch removes one of
the end electrodes from the electrolyte, thereby removing a ground path. This signal is used to activate

the appropriate torquer motor to correct the position of the gimbal. A torque rate for fast or slow erec-
tion can be selected.

Pitch cut-off switches detect the fore-aft accelerations. Pitch erection cut-off occurs when this acce-
leration is greater than 0.07 g. Roll erection cut-off is initiated by the roll cut-off detector, which
monitors the roll angle. At a roll angle of 69, corresponding to a transverse acceleration of 0.1 g, the
roll erection loop is cut off.

Gyro rotor speed 22000 rpm within 5 minutes after power is applied
Gyro angular momentum 3.8 million gm - cuz per second

Gyro erection vertical within 3 minutes after power is applied
Verticality (Alignment of spin axis with

true vertical) 0.25 degree (bench)

Erection cut off 0.10 g (Roll); 0.07 g (Pitch)

Erection rate 20 degree/minute (fast)

2.5 degree/minute (slow)

Dimension 18.8 » 16.6 x 26.4 ca®

Table 6.1.1 Characteristics of the SPERRY VG-14 Vertica) Gyro

1
4
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Fig. 6.1.5 SPERRY VG-14 Vertical Gyro (19x17x26cmd)

mTeH
CUTOFF SWITCHES

e S ) b et 5 o s i

Fig. 6.1.6 Mechanical Diagram of the SPERRY VG-14
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6.2 Directional Gyro (DG)

A directional gyro is a two-degree-of-freedom gyro which indicates the motion of an aircraft in azimuth,
measured from a certain reference direction (e.g9. true northz. This reference direction is established by \
initially ali?ning the DTG's spin axis to this direction. During the flight, the spin axis is maintained
level and it is usually aligned to point to true or magnetic north (Fig. 6.2.1). .

Usually the outer gimbal axis is normal to the aircraft floor plane and the inner axis is parallel to b
the floor plane. Aircraft heading is read from a pick-off on the outer gimbal axis. A level is attached to [
the gyro housing, sensing a deviation of the spin axis from a horizontal position. Its output is amplified :
and applied to the outer axis torquer. In this way the spin axis is caged to horizontal with a first order
loop (similar to Section 6.1). Usually the DG is used in two modes o coa-ation:

~ Free wode. In this mode the gyro conserves the initial alignment as a reference direction.

- Slaved mode. This mode uses an external reference, such s a remote magnetic sensor to provide a con-
tinyous azimuth torquing signal. This signal keeps the gyro spin axis aligned with the external refe-

rence (Fig. 6.2.2). o
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Due to the two-gimbal suspension of the DG, a varying error occurs in non-level flight due to kinematic
effects - the giwbal error. A mathematical analysis of the gimbal error shows that the indicated heading
is a function of the actual heading and also of the roll and pitch angles:

cose

tany” = £355 tany - tano siny (6.2.1)

¥" indicated heading
¥ actual heading
(] roll angle

<] pitch angle.

In most applications of & DG, the pitch m?lc is only & few degrees, whereas the roll angle frequently may
be as high as 40 to SO degrees, 5o that the T angle must be considered as the or contributor to the
gimbal error. If the pitch angle is very small (6 % 0), the gimbel error equation is a much simpler expres-

sion.

tll‘lﬂl“ = tany * cosé.

From this equation the gimbal error &y = v* - ¢ cun be calculated directly
tany(cose-1) . (6.2.2)

=
tandy Tetand (=21
During‘ roll of the aircraft the D6 gimbal error results in an apparent cha in azimuth which increases
as the roll angle incresses. The gimbal error reduces to zero only when the roll angle becomes zerv. [t is
Tess than 2 degrees for roll angles of less than 20 degrees and less than 4. z degrees for roll angles up to
30 degrees, but can reach a value of 45 degrees at a roll angle of 90 degrees. The DG output can be correc-
ted for this error, if the roll and pitch angles are known.
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Fig. «.. .1 Directional Gyro Principle
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In the free mode, the azimuth error of the D6 s eyual to the initial misalignment angle plus the in-

tegral of the drift rate over the flight time. Apparent drift of the DG due to the meridian convergence and
the vertical -omponent of the earth rate can be calculated as follows

. tan
Meridian convergence rate Ve 'IJ"
Vertical earth rate a - sine, (6.2.3)
where

v£ = ¥V sing east velocity

Q = earth rate
R = earth radius
[ latitude

This apparent drift caches values of twenty and more degrees per hour, so that these effects have to be
compensated by a torquing signal.

In the slaved mode, these (uncoT:nsuted) drift rates would produce a hang-off angle, similar tc that
discussed in Section 6.1. Usually the earth rate correction is made with a constant torque signal, corres-
ponding to the mean latitude and the mean velocity. These values have to be set by the pilot before the
flight. For a precise correction of the merid‘an convergence, the aircraft vilocity must be known. The
major errors of a DG in the slaved mode are introduced by the magnetic sensor. Such errors are caused by
the magnetic effects of the aircraft: current-carrying conductors angogemnently magnetized portions of
the aircraft structure (Mrd-iron effects, error with one cycle in 3 heading change): high-permeabiiity
portions of the structure are magnetized by the earth's field (soft-iron effects, two cycle error); dyna-
mic errors caused by the depsrture from the horizontal of the pendulous magnetic sensor under acceleration.
Thss;oorrors cen be compensated, sn that th= rusidual error of the magnetic sensor is in the order of 0.2

HARDNARE EXAMPLE: SPERRY Gyroscopic Compass System C-12

This heading reference systen consists of the following parts (Fig. 6.2.3)

directional gyroscope

induction compass transmitter (flux valve)

amplifier - Lower supply

- remote magnetic compensator

digital controller.

The induction compass transmitter detects the direction of the earth's magnetic field and transmits this
1nfomtio: to a synchro that compares magnetic heading with the gyro mdig . The error 's‘?gnlf %ﬂm sla-

ves the DG. The system can be operated in this slaved mode or it can dperate as an ind2pendent directional
gyroscooe (free mode).

The systes. has comnensation for the errors of the ‘nduction compass transaitter (remote magnetic com-
pensator), for the oimbal crror (corrector circuit; roll angle required from a ¥6), for gyro rift and
eirth rate and for the meridian convergence error. For these correciions, yround spead and latitude are
requis 3d The leading particulars 1re supplied i1n the Table 6.2 2

Staved heading accuracy 0.25% rms

Free qyro Pesd: g Accuracy 0.5° rms
“latitude corrected)

Table 6.2.2 Characteristics of a SPERRY C-12 Directional Gyro

6.3 Gimballed Attitude and Heading Reference Systems (AHRS)

The Attitude and Heading Reference System (AHRS) considered in this section is an integrated combina-
tion of a V6 and a DG. Usually earth-rate and transport-rate compensations are applied and no gimbal error
occurs because the D& i: mounted on the inner gimbal of the V6 (see Fig. 5.3.1). For the transport-rate
correcticn, the aircraft velocity has to be provided by an external source {or a mean value is initially
set). With the help of the msasured roll, pitch and yaw angles, the transport rate together with the earth
rate is resolved to the three axes of the AHRS and the gyros are slaved to the appropriate sigmals. In

modern ANRS a small digital computer is included which controls the measuring unit and provides the re-
quired outputs of the system.
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Fig. 6.3.1 Attitude and Heading Reference System Principle
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HARDMWARE EXAMPLE: SPERRY Attitude and Heading Reference System
SYP 820 (License production by BODENSEEWERK)

The SYP 820 system consists of the following parts (Fig. 6.3.2)
~ Gyro reterence unit
- Electronics unit

~ Controller.

g::: Reference Controlier Electronics Unit

Fig. 6.3.2 SPERRY Attitude and Hﬂdisg Reference. System SYP 820
(Licence Production by BODENSEEWERK)

azimuth gimbal

Fig. 6.3.3 Gyro Reference Unit Configuration of the SYP 820

Fig. 6.3.3 shows the gyro reference unit configuration: The directional gyro stabilizes the servoed azimuth
1&] and {s mounted in servoed roll and pitch gimbals so that its input axis is in line with the local
vertical. The vertical gyro is a two de?m of freedom gyro, sensing the aircraft roll and pitch rotations.

Transport rate compensation is applied in pitch only, assuming that the aircraft velocity vector is lying
along the longitudinal axis of the aircraft, neglecting wind effects. The average velocity is manually set
in the controller oy the pilot. Earth rate is compensated for a fixed latitude. Two liquid levels are wmoun-
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ted orthogonally on the azimuth gimbal. They indicate changes from the local vertical, caused by qyro
drift etc., and control the roll and pitch axes in a first order loop. The directional gyro can be operated
in the free mode and slaved to a remote magnetic sensor.

The leading particulars of the system are given in Table 6.3.1.

Heading aciuracy 0.6° max in 1 hour

Roll and pit 0.25° (10) unaccelerated flight
First order erection loops 0.8% max in 6 minutes

Erection cut off 0.26

Table 6.3.1 Characteristics of the SPERRY SYP 820 Attitude and
Heading Reference Systea

6.4 Attitude and Heading Platforms

The attitude and heading platform discussed ir. this section is a system with two twe de?mmf-fnedu
?yros or three single-degree-of-freedom gyros, mounted on a stable platform. This stable platform is iso-
ated from aircraft rotations by two or three servo-driven gimbals. A three gimbal attitude and headi
platform is shown in the schematic diagram Fig. 6.4.1. The azimuth gimbal (the stable platforwm) is 13310-
ted from rotation by a (inner) pitch gimbal~and a [outer) roll gimbal. Gimbal lock, which occurs at 90
pitch, does not allow all-attitude operation. By aocding a fourth gimbal, an all-attitude platform is ob-
tained. (See also Sections 5.3 and 5.4).

Attitude and heading platforms can be considered as dou:gndod inertial platforms (see Chapter 7). The
angular accuracy of the attitude and h«din? platform depends on the drift performance of the gyros which
are used and on the method of slaving the platform to the vertical. If accelerameters are used to sense
the horizontal accelerations on the stable element, the platform can be slaved to the vertical by the
well-known second-order Schuler 100ps (see Chapter 7). The addition of earth rate compensation loops then
wakes an inertial platform of the attitude and heading platform. The use of liquid levels instead of
accelerometers in the levelling loops and of gyros with a lower drift performance and of slaving the
azimuth gimbal to magnetic north, derived from a remote magnetic sensor, give the attitude and heading
platform an accuracy similar to an attitude and heading reference system.

Modern attitude and heading platforms have digital electronics. This provides the possibility for easy
compensation of earth and transport rate and of accelerat.on effects, if an external velocity signal (such
as a Doppler-radar) is available, The digital mechanisation of these compensation loops is similar to
those used in inertial platforms (see Chapter 7).

HARDWARE EXAMPLE: SAGEM MGC 10

The MGC 10 attitude and heading platform is shown in the Fig. 6.4.2. It has three miniature floated
single-aegree-of-freedom gyros, two electrolytic levels and Tour gimbals. The erection loop is of first
order, with additional integrators for the compensation of earth rotation and gyro drift. A compensation
signal for the transport rate is resolved 2long the platform axes by means of the platform heading infor-
mation and is fed directly to the gyro torquers. Erection cut-off is foreseen if sharp heading changes
or roll an?)es exceeding a given threshold occur. Earth rate compensation is also applied to the azimuth

gyro. The leading particulars of the MGC 10 are given in Table 6.4.1.
Heading accuracy 0.2 %/min
Attitude error (unaccelerated flight) 0.5°
Alignment time 3 min

Table 6.4.1 Characteristics of the SAGEM MGC 10 Attitude
and Heading Platforw

6.5 Strapdown Attitude and Heading Reference Systems

The philosophy just described for attitude and heading reference by a platform technique can equally
be implemented with a strapdown system. In such a system, with sensors attached directly to the vehicle,
the task of providing an angular reference is accomplished by a high speed computer rather than by a gyro-
stabilized platform. Section 7.4.4 describes this technigue in more detail.

:
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The strapdown AHRS not only serves as an attitude and heading reference but also delivers information
on angular rate and acceleration. This results in a significant overall cost and weight reduction and pro-
vides for greater accuracy and higher reliability than heretofore achievable.

The Litton LTR~80, for instance, accepts inputs from the magnetic compass, air data computer and VOR/
DME. Its system outputs consist of attitude, heading, ground speed, vertical speed, drift angle, flight
péth angle as well as linear accelerations and angular rates. It ensures no degradation of accuracy during
aircraft maneuvers.

The LTR-80 is equipped with three high accuracy accelerometers of the type A-2 and two dynamically tuned
gyroscopes of the type Litef K-273 (s. Fig. 3.4.10). A strapdown system (as shown in Fig. 6.5.1 for the
LTR-80, but also offered in a similar configuration by other manufacturers) can allow easier maintenance
by ready access to and simple removal of all parts including sensors. Table 6.5.1 summarizes the 95 % per-
formance of the LTR-80.

Heading accuracy 1°
Attitude error 0.25°
Ground speed error (with VOR/DME) 8 kts
Flight path angle 1°
Body rates 0.1°
Body acceleration 0.1%
0.0l g

Table 6.5.1 Characteristics of the Litton LTR-80 Strapdown Attitude and Heading Reference System

Gyro and Accelerometer
Package

Fig. 6.5.1 Litton LTR-80 Strapdown Attitude and Heading Reference System
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7. INERTIAL NAVIGATION

7.1 Introduction

We will start with a brief review of the historical development of inertial navigation, which in the
western world primarily took place in Germany and the United States.

The beginning of inertial navigation can be put at the turn of the past century. In 1905 the first pa-
tent on a north-seeking gyrocompass was granted to Anschiitz, Germany, and in 1913 a passenger ship was for
the first time equipped with an Anschitz three-gyro compass. The theoretical outlines for this instrument
were Taid down by Schuler. His publication [7.1] of 1923 on the principle of the 84-minute tuning, which
in technical circles is called the “Schuler tuning", is a frequently cited bibliographical reference in
the field of inertial navigation.

The gyrocompass is in principle a damped gyropendulum with a horizontal spin axis and a separation be-
tween center of gravity and center of support of about 1 mm. In the geostationary state this is a north-
seeking instrumant, the input signals being the rotation of the earth and gravity. It has a settling time
in the order of 4 hours.

The long seitling time of the electromechanical gyrocompass precluded its use on the one-man-submarines
developed in Germany towards the end of World War II. In case of emergency these vessels had to switch off
all instruments, but the operator had to find true north again within 10 to 20 minutes after the emergency
was over. This requirement led to an instrument with short alignment time, the so-called “"miniature gyro-
compass" (German: “KleinkreiselkompaB®), for which a patent was granted to Gievers in 1943 [7.2]. It al-
ready contained the elements of a modern inertial navigation system, namely an air-supported accelerometer,
an air-supported gyro and an electronic "Schuler loop" which could be switched to a shorter period during
the aligrment mode. The instrument, built by the "Kreiselgerite GmbH" company, Germany, required only 12
minutes alignment time!

The gyrocompass 1is ap?ropriate as a vehicle north reference only at low speeds - a velocity component in
the north direction results in an error, the so-called "velocity error® of approximately 1 deg. per 10 kn at
459 latitude. Therefore this instrument has been widely used only in sea navigation, and not in aviation.

The idea ot a gyrocompass which indicates true north, independent of the speed, goes back to Boykow and
was pushed forward by Gievers, who developed the concept of an “over-ground compass® (German: "Obergrund-
kompag") in 1940 and 1942 [7.21. The latter corresponds in principle to an inertial navigation system with
analog computer, which is still in use today! '

The work on another idea of Boykow, the so-called "track-meter" (German: “Wegemesser" patent granted in
19358), became more widely known in the literature shortly after World War II. The work was carried out by
the company “Siemens-Luftfahrtgeritewerk" and the name Reisch is closely connected with it [7.2 to 7.5].
Independent of Gievers, Reisch also developed the concept of an INS by the end of World War II.

After the war the lead in the development of this technology was taken over by the United states, espe-
cially Draper in the Massachusetts Institute of Technology. The first successful flight of an INS was
carried out in 1953 between Massachusetts and Califomiag'b.q.

We will now discuss the role of an INS as a navigation and flight test reference system.

1t will be shown in this chapter that an inertial platform indicates true north with highest accuracy
only if it is at the same time also aligned most accurately to the vertical and if, in addition, the north-
south and the east-west velocities as well as the geographical latitude are known. Therefore in an autono-
mous inertial navigational system a closed loop of information on

the north direction,

the vertical,

the ground velocities in north-south and east-west directions, and
the position in geographical latitude and longftude

is implemented.

As an inertial navigational system rlsms) has this essential information for flight guidance available
in the form of a closed loop, it is undoubtedly the most attractive among the various navigational
systems.

For this reason inertial systems are not only used in civil and military aviation, in space flight, in
sea navigation and for missiles, but also as measuring instruments in flight tests and in other cases
where moving base measurements have to be carried out with respect to the vertical (e.g. geodesy).

The achievements in space flight are still in our minds. The high accuracy achieved in flight guidance
was based on outputs from inertial systems which, together with outputs from other sensors, were combined
into optimal information on attitude, velocity and position.

This draws attention to one aspect which, among others, should be one of the conclusions from this chap-
ter and Chapter 8. Like all technical instruments an INS has its specific error sources, which are, how-
ever, of a different nature compared to those of radio navigation aids (e.g. VOR/DME, TACAN, Ooppler radar,
ILS). An optimum of information can be obtained by using information from different sources. In this re-
spect mathematicians have provided technicians with a fairly efficient tool in the form of the Kalman
filter algorithas P.G to 7.9]. The above-mentioned achievements in space flight have been obtained through
the contribution of engineers in the form of hardware and of mathematicians in the form of software.
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As an inertial system comprises information levels in a closed loop as mentioned above, i.e. north di-
rection, direction of gravity, ground speed and position, aiding the system by means of external references
on the velocity level (e.g. Doppler radar) or position level (e.g. VOR/DME),also increases the accuracy
for the other levels. Therefore systems for high-accuracy simultaneous measurements of velocity and position
or attitude and velocity,or even the three states together,are always centered around an INS. It is also

advantageous to use an INS in those cases when the high-accuracy measurement of position is a main purpose
of the test [7.10].

Chapter 8 notes that the best available hardware in the form of an INS, and the best software of the
optimal filter algorithms are the basis for an accurate reference system during flight tests.

We will first discuss the functioning of a conventional platform inertial navigation system and its
error dynamics. This is followed by a description of other inertial navigation system mechanizations,
especially the strapdown systems. The commonality of the error dynamics of all inertial navigation systems
is the topic of the next section. The chapter concludes with a review of the self-aiignment method for
platform and strapdown systems and an overview of existing inertial navigation systems.

7.2 Mechanization of an Inertial Navigation System with its Sensors Pointing North, East and Down - the
North Indicating System (NIS)

7.2.1 The Platform and the Command Rates

Fig. 7.2.1 shows the diagram of an INS which we use to obtain an understanding of its functioning. The
wind vane on the platform symbolizes that it is indicating true north. This is called a "north
indicating system (NIS)".

The platform represented as a round disc in Fig. 7.2.1 is suspended in the vehicle (airplane, ml:ssﬂe,
ship) with three degrees of rotational freedom. For simplification this figure shows only the vertical
axis. The rotational freedom as well as the other indicated signals are understood to have 2 or 3 orthogo-
nal components; 2 components for horizontal acceleration, velocity and position, 3 components for the an-

gular rate. It will be shown in Section 7.3.5 that the vertical velocity and position (altitude) cannot
be obtained alone from inertial measurements.

On the platform one gyro can be seen - in place of the three gyros - which, with the control loop

from gyro pickoff (P) via the electronics to the servo-motors at the gimbals, ensures the stabilization of
the platform.

As we have seen in Section 5.3 stabilization means that the platform does not follow the vehicle's angu-

lar motion, but tends to maintain its position with regard to the inertial space which is “stored" in the
gyros.

t The rotation vector Eip of the platform with respect to inertial space will be zero if no command rate
w is applied to the gyro torquer's and if the gyro drift vector D is zero. Otherwise the platform orienta-
Tion changes according to Eq. (5.3.1):
ip _ t

w w +D.

w (7.2.1)
In case of the NIS, the platform always has to be aligned with its axes parallel to north, east and
down, i.e. parallel to the axes of the "navigational coordinate frame" (subscript n), defined in Section

2.1 and Fig. 2.1. The total angular motion of the platform with respect tc inertial space is
le ie +9en + Enp’ (7.2.2)
with Eie = earth rate and «®" = transport rate (s. Eqs. (2.20) to (2.24)). The angular rate u"P of the plat-
form with respect to the navigational frame must vanish. The condition for meeting this requirement is
wew® e 0=’ (7.2.3)

i.e, the gyros on the platform have to be fed with a command rate equal to the sum of earth rate, trans-
port rate and drift as indicated in Fig. 7.2.1.

=

If the flight is towards the west, gt decreases with increasing velocity, vanishing completely when i

= wl® (1200 km/h for ¢ = 459). The effect of scale factor errors of the torquers in the gyros thus decreases
as westerly velocity increases.

Since with the NIS the geographic coordinate frame is stored in the platform, the aircraft attitude and
azimuth can directly be measured at the gimbal axes (s. Fig. 7.2.1).

7.2.2 The Navigation Computer

The navigation computer receives the specific for%e vector f as input signal from the accelerometers on
the platform and generatgs the command rate vector w" for the gyros as feedback signal to the platform. Ac-
cording to Eq. (7.2.3) w® Jepznds on earth rate and transport rate, i.e. on groundspeed and position.

Eq. (2.29) is the basis for the integration of groundspeed and position from the accelerometer measure-
ments f. In the NIS it is evaluated in the navigational coordinate frame and reads:

. . _ ie en
Yo =5 - (T +w) xv, +g (7.2.42)

or in components:
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W (4) -2V 'simg + b &g

VE = | fel o+ | 2vy Qsimg - 2 h Qcosp| + |-ng

-h fy -2V Reosp - Vy b g (7.2.4b)

-V s
these terms have to be compensated in the computer.

The following relationships have to be observed (s. Section 2.1):

Q=+ k2 (1.2.5)
Q= 2"' Tad . 7202 115 - 107° T2 . 15,041 067 2rCSEC (7.2.6)

= earth rate magnitude

. Y l

A= m = rate of change of geog:-aphic longitude (7.2.7)
R=a+1 = rate of change of celestial iongitude (7.2.8)
. W
¢ = e = rate of change of geographic latitude (7.2.9)
Ry = R{1 + el 13, sin%p - 1)] = radius of curvature in the meridian plane (7.2.10)
Re = R[1 + % e? sinzw ] = radius of curvature in the transverse plane ¢f the ellipsoid (7.2.11)
R = 6,378.160 *km = semimajor axis of the ellipsoid (7.2..12)
e - f(2 -~ f) = numerical eccentricity (7.2.13)
f = wygmry = flattening of the ellipsoid. (7.2.14)

The components of the feedback signal g;; = 5‘;9 + &en from the computer to the gyros on the platform are:

ie [ cosy
W, =8 | 0 = earth rate vector (7.2.15)
~sing
[ % cose] ( Ve/(Rg + )
o= |9 = I-V/(Ry + h) = transport rate vector. (7.2.16)
-3 sing [-[Vg/ (R + h)] tane

As already mentioned above, pure inertial navigation can only be carried out in the horizontal plane
and Fig. 7.2.1 is only valid for this case. For the navigation in the vertical plane a retup according to
Fig. 8.2.1 is recommended, in which the vertical accelerat}on and velocity are corrected by the difference
of the inertial and barometric altitudes via the gains 1/T¢ and 2/T with T = 30s. In this setup the Coriolis
acceleration and the modelling of gravity as function of altitude and latitude (s. Eqs. (2.32) and §2.33))
can be neglected without severe effects on accuracy. For further details s. Sections 7.3.5 and 8.2.1.

The deflection of the vertic..] with components ¢ and n(s. Fig. 2.4) is the point where geophysics affects
inertial navigation (s. Eq.(7.2.4b). For the INM/h class INS it remains uncompensated in the computer and the
navigation in the horizontal plane becomes independent of gravity. The modelling of gravity is therefore
not required in the horizontal computer of Fig. 7.2.1. Yet gravity has an influence on the dynamics of the
system, which will be dealt with in the next section.

In modern INS's the signal format of the accelerometer output f is a pulse train, where each pulse is a
velocity increment of 0.5 mm/s, for instance. This is fed into an up/down counter, sampled at a rather low
rate of approximately 5 Hz for the evaluation of Eq. (7.2.4).
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7.3 The Error Dynamics of the North Indicating System
7.3.1 The Error Dynamics of a Single Axis Inertial Navigation System

The signal flow of Fig. 7.2.1 for the two horizonta)l channels from the accelerometers via the integra-
tors and the division by the representative radius of curvature of the earth, to the torquers of the gyros
are called Schuler loops. They are the electronic implementation of a two-axes mathematical pendulum whose
length is equal to the radius R of the earth, having the frequency and period of:

of = (g/R)2 x 1,235 - 1073 571 - :"—/m = 84.4 win, (7.3.1)
9

which are called "Schuler frequency" and “"Schuler period".

A pendulum tuned to this frequency always indicates the vertical on a moving vehicle, once it has been
aligned to it prior to the start. Also a gyrocompass. tuned to this frequency, will not be excited to
disturbance oscillations by the horizontal acceleration. These rules were revealed by Schuler in his publi-
cation of 1923 [7.1]. The Schuler period also governs the motion of a_sate]lite surrounding the earth or
the motion of a stone traversing a hole drilied through the earth [7.11].

A conventional physical pendulum can hardly be Schuler-tuned. For a physical pendulum, the following
relationship would have to be satisfied:

32

=R (7.3.2)

(i = radius of inertia = 2,5 m for r = pivot-to-center-of-mass separation = l1unm).

In practice the Schuler tuning condition can only be met with the aid of a gyroscope - as in a %yrocon-
%ass or the INS. The simplified single axis INS shown in Fig. 7.3.1, may serve as a basis for the followin
iscussion.

The platform (P) is mounted on a vehicle heading north and gyro-stabilized about its east-west axis
perpendicular to the plane of the drawing) by means of the servo loop from the gyro (G) signal generator
S) to the servomotor (SM) of the platform. The accelerometer (A) has its sensitive axis in the direc-

tion of motion and its output signal f is coupled to the torquer (T) of the gyro via the integrator and the
amplifier - ‘1‘ Vy is the velocity and eg the angular deviation with respect to the vertical.

The system's error dynamics are described by the Jinearized state space equations:

€ 0 -1/R 0 1 0 (€
"su g 0 0 0 1 &Vy
o = |0 /R 0 o o] - o
b 0 0 (] o 0 D¢
BN 0 0 0 0 0 By / (7.3.3a ty e)

with DE = gyro drift and BN = accelerometer error assumed to be constant.

This equation is of the following form:

| xeEx+Qu . (7.3.4)
r with G u = 0. It has the following solution as shown in (7.7], Chapter 3
L () = g(t. tg) x(t)) +£ £(t,1) (1) u(x) dr. (7.3.5)
The transition matrix ¢ 1: the solution to the differential equation:
S a(tir) = Eg(tx)  with  g(t,t) = . (7.3.6)
‘ For constant coefficients in [ the transition matrix ¢ depends only on the time difference t-t, i.e.
i §(t,T) = g(t-1). (7.3.7)
! If we set 7 = t, and At = ¢t - t'.o in Equation (7.3.6),its solution will read:
. plat) =eE 2 pap-ate L2 at?e (7.3.8)
A which is the basis for numerically solving Eq. (7.3.5). For a closed solution based on Laplace transformation
\ we use the following relationship (s. [7.?2]. Chapter 7):
8(s) = Is] - g7 e s gsp - (7.3.92,b)
So we obtain:
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eglt) r cos w* At ~ sin w® At 0 = sin o At g(1 cosw’At)) eg(ty)
sV (t) Ro® sina® ot cos u® At 0 R(l-cosu® At) Losina® at | {evy(t,)

W
Sp(t) = 1 - cosu® At -l—s sin % At 1 At - l—s sinedat l(1—(:osmsAt) &p(to)
Ruy w 9
Dg ] (] 0 1 0 Og
\B" J ko 0 0 o0 1 )&

(7.3.10a to e¢)

The single axis INS errors due to ea;t-west gyro drift DE and north-south accelerometer bias s‘ are
plotted in Fig. 7.3.2. b

A1l INS errors are bounded, except for the effect of gyro drift Df on position error &p, confirming the
importance of these sensors on long-term system accuracy. The slope, i.e. the mean velocity error provides
the "rule of thumb for inertial navigation“:

T = R - D+ 1 navigational error per iy 25878 gyro drift. (7.3.11)

Physically this rule becomes understandable if we consider that the gyros keep stored in the platform
the reference coordinate system for navigation, and that the gyro drift causes an analogous drifting of
the reference coordinate system. (As a reminder: 1 degree of longitude = 111 km at the equator).

It is interesting to note that the effect of accelerometer bias By on INS errors is not as severe as
one would expect. The misalignment error eg and the position error are alike. The mean error is 1imited to

T % = Byle. (7.3.12)

”]Ihis means that the accelerometer bias is compensated by a component of aravity due to the mean platform

For periods that are short with respect to the Schuler period, one can introduce in Eqs. (7.3.10) the
approximations:

sin oSt = o’t - 3 ()] (7.3.13)
cos W't = 1 - 3 (uPt)2. (7.3.18)

This leads to the curves marked in dotted Yines in Figure 7.3.2,which for a longer time period are al
so valid for the set-up of Figure 7.3.1 without Schuler loop or for inertial navigation on a flat earth.
The respective approximations read as foTVows:

eE(t)-s eE(o) +0p - t,
sVy(t) = (g (o) + By) t + g § ¢

By g, t2 3
so(t) = 8p(0) + (eglo) + o~ P -+ O f g - (7.3.150,0.c)

In summary we may conclude that inertial navigation would not be possible for extended periods if the
earth were flat.

7.3.2 The Error Diganics in _the lorizontal Channels of a Three-Axis North Indicating System (NIS) for a
hort Per 0 me

Fig. 7.3.3 shows in simplified form the block diagrams of the error models for a three-axis NIS in the
Tower haT¥ and the barometric aided altitude channel in the upper hMalf. On the left side the sensor errors
are listed, on the right side the system errors, and in the middle the error models of the NIS and alti-
tude channel dynamics are represented.

As compared to the complete error model of an NIS P.la » which will be discussed later (s, Fig. 7.3.4),
the so-called 24-hour oscillation caused by the coxpl ng of the plat’irm angles E.p via the components
of the earth rate plus the transport rate A (with A =g+ £) or g, nspocﬂvelytﬁls' cut down to the
coupling of the azimuth misalignment cp into the rotation about the east-west axis cg. For the purpose of
discussion this is justified because on the one hand ep is in general one order of magnitude higher than
the horizontal uisalith :’ g+ On the other hand for flight periods of up to 2 hours we can assume with
good accuracy: sin At = At and’cos At = 1 {error in this approximation < 10 %).

For an estimation of the errors in the NIS channels we assume that the slewing of the vartical qyro as
well as the campensation of the Coriolis acceleration can occur without errors and there remain two Schuler
loops as in Fig. 7.3.1. In addition to these Schuler loops Fig. 7.3.3 shows the influence of the azimuth
error ¢, as we 1 as of the vertical gyro drift DD
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J On one hand the azimuth deviation ep causes an accgleration error in the horizontal channel which is
orthogonal to the respactive horizontal acceleration g of the vehicle. We assume that the acceleration

of the vehicle from start to the constant cruise veloc?ty is short compared to the Schuler period, which
means that this cross-track acceleration error is integrated in an initial velocity ervor:

6\""(0) = GVN(o) + ep(0) VE GVé(o) - GVE(o) - ¥y (7.3.16a,b)
On the other hand, the azimuth g¢rror has an effect comparable to a north-south or east-west gyro drift
through the coupling of the rates ¢ and Acosy into the respective orthogonal platform axes:

Dy = Dy - (ep * Dpt)® D = D + (ep *+ Dp t)hcosq (7.3.17a,b)

The relationships compiled on the following page (Eqs. (7.3.18 a to g)) were obtained in a way similar
! to the one for the single axis inertial navigation system in Section 7.3.1; the state space equations of

the two uncoupled horizontal channels were supplemented by Eqs. (7.3.16 and 17) and cose was assumed to
be constant.

{

{ Of the results we want tc discuss only the position equations and cast a glance at the main error

: sources. The initial position error (8¥(0) and SA{0)) can be assumed Lo be zero, as on any major aerodrome
‘ the geographic longitude and latitude are indicated at the aircraft parking positions. The initial error

velocity can also be neglected; if the switching of the NIS into the navigational phase takes place on a
~ stationary aircraft, V(o) is then accurately known.

In comparison to Eq. (7.3.10) essentially only the effects of the azimuth alignment error ep(o) and of

the vertical gyro drift Op have been added. It is interestin? to note that the deviation with time of the ‘

: “cross-track-error® is equal to that of a common dead reckoning navigational system in the east-west ;
o channel (8A(t) cos¥ = -co(ol ty). In the north-jouth channel this is true only for short times when ‘
i
i

&y (t) = ¢ ‘M -(Q/wS) sin wSAat] cosy = ey LA cosy. After approximately 10 minutes, earth rate coupling

becomes effective.

It is this difference in the error characteristics that allows in-flight gyrocompassing of a misaligned

NIS based on a Doppler radar for measuring the body-fixed ground speed components and the misaligned plat-
form as heading reference. We will come back to this topic in Section 8.2.1.2.

If we start from the assumption that before the start the platform has aligned itself in the north .
direction and in the horizontal plane as a result of a gyrocompassing procedure, we shall under ideal con-
" ditions have the following relationships between the alignment and sensor errors (s. Eqs. (7.5.2a to c)):

cN(o) * Be/g (= 0.1 m rad = 20 arc sec) cE(o) ] -BN/g (=0.1 m rad = 20 arc sec)

cD(o) = -DE/(Q cos¥) (=1mrad = 3,4 arc min), {7.3.192,b,¢)

the numbers being valid for B = 10 g and D = 1/100 °/h as well as ¥ = 45° £qs. (7.3.18f,g) reduce in
this case to:

S .
8#(t) = cplo) gt + Oy {843 - %{, (1 - cos w’t)}
w

(7.3.20a,b)

Sy g being the distance flown. For periods that are short in comparison with the Schuler period (6 min
, appFoxiutely for & 10 % error) these relationships will reduce to:

Se !
N(t) = CD(O) - s
SA(t) cos = fsn(o) R!

S s
8A(t)cosé = ~¢;(0) l! - Dy(t - sin Y t,
W

(7.3.21a,b) !

which means, that after fully completing self-alignment, the navigation error of the NIS under ideal condi-

tinns initially consists exclusively of the cross-track error, and is identical with that of a normal dead
reckoning navigational system with ideal velocity indicators!

—y—-
R T

t . 7.3.3 The lo-Errors in the Horizontal Channels of a Three-Axis North Indicating System (NIS) for a long
: Period of Time

Fig. 7.3.4 shows without simplifications the block diagram for the erroneous signal flow in an NIS. The :

Tower Teedback for slewing the vertical platform axis is proportional to tany, indicating that inertial i :
rnavigation with this kind of mechanization is impossible for polar flights. In the discussion of this

section we will stay in the allowable latitude ranges (for the Ferranti FE 500 system ¥ <+38.50). i

]
f
Q For flight times above 6 minutes, the drifts of the horizontal gyros become significant. The Coriolis
‘ i acceleration arrors and the earth rate couplings become significant after approximately 2 hours.

If the KIS is standing on the ground, the dynamics of its errors for long periods are describad by the .
following frequencies (s. [7.13], Eq. (7-49)): :

\ ' wy,p =6 0 sin¥ see Fig. 7.2.1 and 7.3.4 feedback (R) +
wy =8 see Fig. 7.2.1 and 7.3.4 feedback (O). (7.3.223,0)
A Y
R . = )
& — . . . = r-_:-“ﬁ' apast — iy
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The first two frequencies characterize the Foucault-modulated Schuler oscillation, i.e. the oscilla-
tionof a freely swinging pendulum of length R on the rotating earth. The oscillation plane of this

pendulum stays, as it is well known, inertially fixed, 1.e. ‘it rotates with the negative vertical compo-
nent of the earth rate Osimp with respect to the earth.

_The third frequency characterizes the 24-hour oscillation, i.e. the motion as indicated in Fig. 5.3.2,
which is carried out by a misaligned gyro-stabilized platform without a Schuler loop on the rotating earth.

The 1inearized error equations of the NIS including the altitude channel aided by a barometric altimeter

are summarized on the next page (Eqs. (7.3.23 to 7.3.29)). The error dynamics of the altitude channel will
be discussed in Sections 7.3.5 and 8.2.1.1.

The theory discussed above is confirmed in the measurements of a modified uncalibrated LN-3 system taken

over 2 hours in the laboratory of DFVLR and plotted in Fig. 7.3.5. These plots show the acceleration,
velocity and position errors: large Schuler oscillations as well as the initial part of a 24-hour oscilla-

tion are excited by the bias errors of the uncalibrated gyros and accelerometers.

The LN-3 (s. Fig. 7.4.5) system was modified in the following way: the Schuler loop was not closed via
the analog computer which is part of the original system, but via a Honeywell DDP 527 computer.In doing
so the accelerometer signals were tapped and converted into digital format by a 16 bit analog to digital

converter (DFVLR design) and the platform slewing rate was again converted from digital to analog format
by a digital to analog converter.

The NIS in-flight system errors differ from the stationary system errors by the manceuvre-dependent
cross-track velocity errors (SVN,E » + ep VE,N) and position errors (8Sy £ » + eg Sp N » S. Egs.
(7.3.21a,b) and (7.3.18 d to g)). They are siperposed to the Schuler oscillations sﬁ&m in Fig. 7.3.5.

We will now come back to the discussion and evaluation of the state space error equations (7.3,23) of the
NIS, which are of the type (7.3.4) where for a system in flight the matrix ghas time varying coefficients.
A general solution of this set of equations cannot be obtained without considerable simplifications. In
most references the horizontal acceleration is put to zero, but in this case the cross-track error of the
system is not taken into account properly.

In order to be able to judge the NIS accuracy over more than 2 hours flight time, the Eqs. (7.3.23) are
solved on the digital computer following the course of Eqs. (7.3.4 to 8) and under the assumption that the
coefficients of [ do not change during the computation cycle increment At.

The NIS errors resulting from this numerical integration are valid for one set of initial conditions,
sensor errors and one aircraft flight profile only. Even if we assume in a simulation that the fiight pro-
file does not change from day to day we may still not predict exactly the performance of the system since
the sensor errors and the initial misalignment angles of the platform will change.

The specification of sensors on the manufacturer's data sheet always defines an accuracy class which is
obtained from the test results of a great number of different samples. Plotting a histogram of the gyro
test results after bias compensation, the test engineer will certainly obtain a distribution similar to
Fig. 7.3.6a, which can be approximated by a Gaussian-distribution with zero mean shown in Fig. 7.3.6b. The
same will hold for the accelerometers and for the system alignment errors which are related %o the sensor
errors as we have seen above (s. Eqs. (7.3.192 to ¢)).

‘ (x)
a) . 115 samples b) P
as
M0
4 ;
L |
] a2 1
i 4
24 0 T I

; -3 0
Drift {107 °/h] -
Hx) = 7 exp [-(x-%)%/20)

Fig. 7.3.6 Histogram for the Drift Measurement of a Certain Type of Gyro (a) and Approximation by
Gaussian Probability Density Function with Zero Mean (b)

Based on these assumptions a more general statement can be obtained for the accuracy of systems of one
class, all in the same dynamic enviromnment, by applying the error covariance propagation equation [7.7]:

B(t) = #(ty t;) B(t,) £7(t, t;) + Q(at), ' (7.3.30)

where the first term on the right hand side describ:s the covariance propagation within the time increment
Ata t - to and the second term the covariance increase due to white noise. This relationship is also
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used in the Kalman filter algorithms for describing the systems accuracy during the optimal estimation pro-
cess [7.6 to 7.9].

Day-to-day changes in sensor biac have to be included in the state vector x as is done in Eq. (7.3.3)
for the single axis inertial navigation system. :

In the case where no sensor errors and no noise affect the single axis inertial navigation system (Dg =
By = Qi(At) = 0) we obtain the following time dependent covariance matrix with the initial uncertainties
%o .nA oyg for platform misalignment and velocity.

[+
[ of cos? uSat + ()2 sin? WAt (of. Ru® - Y2) cos wiat sin wiAt
€0 s €0 S
A of 2 .2 - 2 .2
s _ %o s s s s s
l (cs':o Rw” -~ —-s-) cos w At sin w At Oy €OS” Wit + (°eo Rw' )" sin® w At (7.3.31)

On the main diagonal we find the quadratic sums of the errors in Eqs. (7.3.10a,b). The lo-values of the
errors with Gaussian distribution are the square roots of the elements on the main diagonal:

oy = 1 (7.3.32)

In Fig. 7.3.7a to ¢ the 1g errors of an NIS are plotted over a 6-hour and a 36-hour period. They describe
the Gaussian distribution of the system error (s. Fig. 7.3.6), i.e. with a probability of 68 per cent the
respective system error is within the limits indicated, under the condition tliat the NIS is within the class
of accuracy marked by the given lo alignment and sensor errors.

From the effect of the various uncorrelated error sources on the position error in Fig. 7.3.7¢ the fol-
lowing can be stated:

- As V = 0, the cross-track error does not become significant.

- For short periods of up to 1/2 h in the north-south channel or 2 h in the east-west channel the influen-
ces of the initial misalignment and of the acceleromster bias are identical, which can be explained by
the fact that initially the azimuth misalignment does not become significant.

- In the north-south channel the initial misali nt causes a mean position error increasing linearly
wi:h time - according to Eq. (7.3.17b) the azimuth misalignment has the effect of an east-west gyro
drift.

- The gyro drifts cause a mean position error 1ncreasin? linearly with time, which is due mainly to the
horizontal gyros. According to Eq. (7.3.18f) the vertical gyro drift of a stationary NIS after a time

At = 4/(ficosp) >> 2h, (7.3.33)

causes the same mean position error as that produced by an east-west gyro drift of the same amount. However
at longer times the effect of this vertical gyro drift becomes dominant.

7.3.4 The Circular Error Probable (CEP) in the Horizontal Channels of a North Indicating System (NIS)

The covariance matrix describe the multidimensional Gaussian distribution for the states of the NIS
errors.

For the two components of the horizontal velocity error or position error this distribution is similar
to Fig. 7.3.8. Horizontal sections through this distribution are error ellipses as described by the expo-

nent of p(X)in Fig. 7.3.8 and as shown in Fig. 7.3.9 for the position error similar to Fig. 7.3.7c at
a time between 3 to 4 hours.

pixy 5, -
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2
X E(g) = § = mean value of vector L-o.--:.n-s.sz L

Elg - §}(x - £f] = P = covariance matrix of vector

Fig. 7.3.8 Two Dimensional Gaussian Distribution Fig. 7.3.9 Covariance Matrix, Error Ellipses and

Circular Error Probable (CEP)
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The projection of the ellipses on the north-south and east-west axes are the lo values obtained from .
Eq. (7.3.32) for GSN.E' !

For system specification these lg values in the two axes are not so convenient; the manufacturer gives
the overall specification in form of the CEP (circular error rmublo) value Which in a two-dimensional
case is the radtus of a circle around the mean value comprising the evrors with 50 £ probabilfty unless
otherwise mentioned (e.g. CEPgy corresponds to 90 X probability).

The covariance analysis shows that the CEP in the one-dimensional case is:

CEP = 0.675 o. (7.3.34)

In the two dimensional case the CEP value can be obtained from Fig. 7.3.10, once the uncorrelated o-
values on the elliptic main axes are known, which can be found by Fo ng coordinate frame. One may l
show that the covariance matrix in a rotated coordinate system x =  x' is defined by i
T 5,
E=-¢ B¢ (7.3.35) |
19 /‘ i
[1) /, 4 ‘
208 —— 043 beob ‘
i $=00.] / bm10
'Y ;
s / i
SRy
250.9 '
/ .
2 aw 2
Bos / :" fa<e, !
‘e g
1 A ,
io.z /1// -~ : ‘
0.1 __JL.w- PR S
] . L )
° 1 2 3

Fig. 7.3.10 Probability of an Error Lying within a Circle of Radius ¢ (°x y re the uncorrelated standard
deviations in x,y). From [7.33] and [7.14,"Fig. 2.13].

Requiring that its components are uncorrelated, i.e. that P' has components on the main diagonal only,
we find for the angle of rotation -

20 Oyt Oy

axdarcun 24 (7.3.3) !
ng 'ch )

and the uncorreliuted o-values:

e+ o < B = s e o e o T

o’.yz - %(Ox.z + °y'2 + [(ax‘2 . qy.z)z + (2 o, oy.)z] 1/2} (7.3.37) :
In the example of Fig. 7.3.9 we obtain, with oy'= oy = 5.62 km and oy' = of = 3.81 km, the uncorrelated -2
o-values oy = 6.58 km, gy = 1.98 km and the 50 % and 93 % probability c"rcles CEP = 5.0 km and CEPg, = )

11.1 km

The CEP contains the random NIS errors, which up to mow we have obtained as a result of an amlqis by
assuming random sensor errors (s. Fig. 7.3.6) and random initial misalignment ervors. As a resuit o ight
tests the CEP has to be understood as

- for a single system, the system day-to-day error variation about a mean error for a certain flight .
profile due to the day-to-day sensor error variation about the mean error;

- for a whole Class of systams, the performance to be expected from this system series for a certain
flight profile.

In the latter case it is assumed that the manufacturer has compensated the mean error of the sensors to
a minimum before delivering the systems. When judging the system rrfom the customer should bear in
mind the randomness of the CEP and the effect of the flight profile on it. This randomness also mesans that
the mt- performance during testing may have been better on a “"Sunday flight* than on a "Monday f1ight*
and manufacturer may to forget the latter one. As to the effect of the flight profile one should
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realize that system performance may also be better on a flight where the aircraft returns to the starting
point when the cross-track error, for instance, vanishes (s. Eq. (7.3.18)).

7.3.5 Justification of the Decoupling Between the Vertical and Horizontal Channels in an INS - the Error
TDynamics Tn the Vertical Thannel

So far we have discussed the errors in the horizontal channels of an INS only. But the decou ling -
tween the vertical and horizontal channels is justified as may be seen from Eqs. (7.3.23) to (7.3.29).

The last column of Eq. (7.3.23) indicates that an altitude error Sh causas an erromeocus platform slewing,
an acceleration error and a position error slope. The altitude rate error &h again causes an acceleration
error. But the estimations in Eqs. (7.3.26) and (7.3.27) show us that both have a negligible effect on the
horizontal channels.

As to the effect of the horizontal channels on the vertical channel we have to consider that the exclu-
sively inertially derived altitude is unstable,which can be deduced from Figs. 8.2.1 and 7.3.3 or Eq.
(7.3.28) by cutting off the bar?etric aiding (put T + =), If,for the computation of g(h).Eq. (2.36) is
expressed as (g(h) = 9o/ (1#h/R)€), for which the altitude is fed back from the system output, the eigenvalues

1/2

w = + (29/R) (7.3.38)
escribe the unstable error growth of
B
Sh(t) = sh(0) coshw t - ;; (1 - cosh x t) (7.3.39)

This is plotted as a function of time in Fig. 7.3.11.
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Fig. 7.3.11 Error in the Vertical Channel of an INS Due to an Accelerometer Bias
The veartical channel has to be aided by external measurements as discussed in Section 8.2.1.1,

7.  Other Mechanizations of Inertial Systems

In the NIS the geographical coordinate frame is mechanized with the accelerometers measuring the vehi-
cle's horizontal motion in north-south and east-west directions from which the computer derives velocity
and position in the same directions. Other mechanizations are possible where the acceleration is measured
in othe~ directions (wander azimuth platform, strapdown inertial measuring unit, inertial stabilized plat-
form). - 3@ on earth all, in common with the N'S, derive by means of the computer the velocity and
positic sorth-south and east-west directions.

Thiwe systems and their advantages will be described briefly below. Differences and cosmonalities of
the error propagation of all systems as compared to the NIS are discussed in the next section.

7.4.1 Navigation Based on Inertial Measurements in the Wander Azimuth Coordinate Frame
7.4.1.1 Tha Platform and the Command Rates

The wander azimuth coordinate frame (subscript “s, s. Fig. 7.4.1% is defined by a rotation a (the wen-
der angle) of the platform about the vertical axis with respec navigational frame, so that:

B

™
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. ‘ ‘
f.e. the wender azimuth angular rate o is just the difference between the actual vertical nlatform slewing ®
and the vertical rate of change of the navigational frame with respect to inertial space.
1
| ko
[}
position
‘ |
| |
' i
+ i L)
!! i
i !
N ¥
o |
; f
i
‘ geographic- wander angle-
| coordinate system
{
" Fig. 7.4.1 The Wander Angle Coordinate Frame ‘
By selecting different relationships for a, certain advantages may be obtained:
~ by-pass of Coriolis acceleration (Zui' + 9_“). x ¥, (s. Eq. (7.2.42)) in the horizontal channels which
may ve advantageous in analog compufers,by choosing:
Ge ('t e ™) (7.4.2) ’ :
!
- by-pass of vertical platform slewing by choosing |
!
ae e ™) (7.4.3) |
: ‘ - worldwide inertial navigation, including navigation over the poles, by not slewing the platform about ',
. the vertical axis with the vehicle's transport rate (s. Eq. (7.2.16)
‘ . !
; G = w3 = ~[Ve/(Rg + h)] tane ; (7.4.4) !
i Fig. 7.4.2 shows a block diagram of this kind of navigation and a picture of the Litton LTN-72 in ]
" iﬁkﬁ'ﬂﬂ? is implemented; i
b - worldwide inertial navigation plus reduction of gyro drift effects on system performance by slewing the }
horizontal sensors on the platform with the rate of, for instance, 1 revolution per minute about the ' .
vertical axis with respect to the vertical gyro, which remains unslewed; the Delco Carousel IV INS is ) {
mechanized in this way as indicated in Fig. 7.4.3. :
1
In the Carousel IV INS the output signals of the horizontal acceleromsters rotating with § = 1 RPM with ! N
respect to the unslewed vertical gyro are first transformed into the axes of the vertical using the
angle 8 as measured by a synchro between the two halves of the platform (s. Fig. 7.4.3). wander azimuth,
. i.e. the angle between the computer and the mavigational coordinate frames,can be derived from the follow-
ing relationship: ;
. in VE t
l j 3= wy = ~RCOSP - tang . (7.4.5) i
7.4.1.2 The Navigation Computer ' j
. The navigation computer of the wender azimuth INS (s. Fig. 7.4.2 and 7.4.3) works internally with the ‘
\ . velocity vector:
T
AN UA vy -h)', (7.4.6) .
;Msh_is obtained from the accelerometer outputs by impiementing £q. (2.29) with the subscript "n® replaced ,
y "a". - Tt
The velocities in the geographic coordinate frame may be computed via i ! ‘ )

Yo e X (7.4.7)
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and the Litton LTN-72 in
which this is implemented

inertial reference unit




meeeees LTl SRS

133
|
Herizontsl Mlatform :
A = 2Acceierometers |
g=20mos _i oo Iis_lﬂ (::)
|

|

|

|

E ! f=1RPM

L inertial Navigation for Worldwide Application
Verticel Pattorm | Using Piatform Rotation (Carousel System)
Ay =Vert, Accelerometer
Gy=Vert. Gyro I

CAROUSEL IV-A
INERTIAL NAVIGATION SYSTEM

AUTOMATIC DATA ENTRY UNIT MODE SELECTOR UNIT ROL/DISPLAY UNIT
(AIRLINE SUPPLIED) CONTROL/DISPL

NAVIGATION
UNIY
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where

cosa ~-sina 0]
fng = |Sina  cosa 0 J (7.4.8)
0 0 1
The earth rate in the wander azimuth frame:
ie e
Y * San n
and the wander azimuth rate with respect to the earth

D T R I

= (ficosy cosa ~ficosy sina -rsino)T (7.4.9)

( v (cosza . sinza) +y Sina (RN B RE)W
y"RE_' _l;‘_ x 2 W

= _vx(coszu +

2 - R
snE\ g) . v, sigta xR, (7.4.10)

-1 .
U!E(Vy cos a + Vx sin a) tany + a J

are added up for slewing the platform.
Position computation is based on the following integral equation
t ‘h %2 O
Cealt) = Gealo) + £ Coa B0t = [C) Gy Cpy (7.4.11)
a1 G2 )

where .

0 -w
£ o, o 2 (7.4.12)
[Yy Uy 0 J)a

The matrix Co, can also be interpreted as being obtained from the rotations of the wander azimuth with
respect to the earth-fixed frame via the angles A\,¢ , a (s. Fig. 7.4.1):

(cosw cosa -cos¢ sina ~sing A
("“ = gen gm = 1 -sing sin Ax cosa sing sin Ax sina -cosy sin AM (7.4.13)
+€0s AX sina +€0S AA cosa

sing cos AX cosa -sing €os Al sina  cosp <€o0s A
(*sin A\ sina +sin AA cosa }

Equalizing the elements of (7.4.11 and 13), the geographic position and true north can be computed using:
sing = €13 tanAx = -C23/C33 tana = '°12’C11' (7.4.14a,b,c)

Although singularities do exist in the computation of the latitude ¢ and the wander azimuth a at the
geographic poles, the computation of the matrix gﬁ{(t) does not have singularities so that the continuity
of 1nert1:l mv:gation {s assured on a polar flight and y and o are again correctly computed shortly after
passage of a pole.

AccoNing to [7.14] the integrat!on of Eq. (7.4.11) has to be executed with 26 bit words and the inte-
gration of the alceleration with 17 bit words if the corresponding drift is to be kept below 1/1000 O/h.

7.4.2 Mavigation Based on Inertial Measurements in the Pseudo-Pole Coordinate Frame

Worldwide inertial mavigation in the wander azimuth coordinate frame Just discussed requires a digi-
tal computer. For an INS equipped with an analog computer the pseudo-pole coordinate frame opens the
way for inertial Mviatipn in the polar region. The Litton LN-3 and LN-12 systems operate in this fashion.

The pseudo-pole frame (subscript "m", s. Fig. 7.4.4) can be looked upon as a special case of the wander
azimuth frame. Its zy-axis is also aligned lﬁia the normal to the reference @11ipsoid and its x-, y-axes
are rotated with the convergence angle a with respect to true north.

The pseudo-pole of this coordinate frame is located at the geographic equator as shown in Fig. 7.4.4,
which as compared to the navigational coordinate frame ("n®) is achieved by rotating its axes in a reversed
sequence of rotation with respect to the earth fixed coordinate frame ("e"): a first rotation about the
east-west axis through the angle u and a Second rotation about the initial north-south axis through the
angle o. The corresponding transformation matrix from “m" to "e¢* {s thus

1
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3
Fig. 7.4.4 The Navigational and the Pseudo-Pole Coordinate Frames
cos u -sin g sin u -cos o sin u
g, = |0 cos o -sin o (7.4.15)
sin p sing cos n cos ¢ ¢CosS |
The rate of change of o and u is related to the velocities vx.y in the following way:
v v
. . X
g K: jicoso = R (7.4.16a,b)

whereby Ry , theoretically have to be computed with the aid of Eq. (2.16) for ¥ replaced by a; in the LN-3
they are ‘egt constant.

The sum of earth rate
cos u
ie

W e g ul® = -asinosing (7.4.17)
ft cos o sin

and transport rate

g v
- | y'®y
ug = |-ucosaf = I-V /R, (7.4.18)
5sing -(V,/R) tan o

is used for slewing the platform. How this is accomplished with only analog hardware is indicated in the
simplified block diagram of the LN-3 Schuler loops in Fig. 7.4.5.

The LN-3 system does not navigate in absolute coordinates (longitude and latitude) but in hnding and
distance to preselected waypoints, whereby the heading is referenced to the so-called "grid heading®,
differing from the north-referenced heading by the wandar azimuth angle a. The correspondi coquntion
is carried out in a separate analog computer, the so-called “position and homing 1nd1c|torn?PNI based on
the position increments Ac and Ay from the LN-3 analog computer and the grid heading from the p atform.

From Fig. 7.4.4 and Eqs. (7.4.17 and 18) it is obvious that the vertical slew rate is infinite at the
pseudo-pole. Since the initial meridian (pseudo equator) can be chosen freely, any crossing of the pseudo-
pole can be circumvented. For fighter aircraft this problem does not arise in general since their range
of operation is limited. Thus the LN-3 INS is designed for ¢+ 259 in o only, corresponding to a range of

+ 3000 km

If the LN-3 system is used as a flight test reference system it is of interest to know the relation-
ships between the system velocity (Vx,y) and position (o,u) and the geographic velocity (Vy g¢) and lati-
tude and longitude (p,2). They may be *erived from the fact that the pseudo-pole coordinate';rm is a spe-
cia}iander azimuth frame and we set equal the elements of [oq and (og in Egs. (7.4.15) and (7.4.13). So
we

sing = cos o sin sing = cosy sin A\
sina = sin'o sin u/cosp.

Knowing a we obtain "u.: with Eqs. (7.4.8) and (7.4.7).

COS O COSu = COSY COS A (7.4.19)

-

a
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7.4.3 Navigation Based on Inertial Measurements in the Space-Stabilized Coordinate Frame

Inertial navigation systems with space-stabilized platforms are used for:

~ space navigation

~ terrestrial navigation when the platform is equipped with electrostatically supported gyrus which are
not torqued in the navigation mode.

Figs. 7.4.6a,b show two possible configurations for inertial navigation with a space-stabilized system.

: The first configuration in Fig. 7.4.6a seems very simple on first sight. It is implemented in the
i Honeywell ESGN (electrically suspended gyro navi?ator) for marine applicaticn and the Horeywell GEANS

(gimballed ESG aircraft navigation system) [7.15]. The navigation is carried out in the inertial frame by
the double integration in the computer of:

dR,
| =fv8 @ (7.4.20)
i

i .

| Once R; is known it can be converted into the geodetic latitude o and celestial longitude A. For de-
! . riving the corresponding relationships we transform the radius vector Rp in the navigational frame into
o the inercial frame Ry = Cip Ry with

; cosy . 0 -sintpc
: gin = -sintpc sin AA cos AA -cosy sin AA (7.4.21)
i } sintpc cos AA sin AA cosy . cos AA
0
H
g
; I Platform Computer .
i A= 3 Accelsrometers Y, !
!l G= 3 Gyros o

a) E}'

from external sitimeter

Platform
A= 3 Accelerometers
G = 3 Gyros

w |2
(2]

Fig. 7.4.6 Two Kinds of Inertial Navigation Using Space-Stabilized Platforms
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So we find the relationships for computing P and AA as:

. Rx -sinpc
. Bi = Ry = R -CosP. sinaA (7.4.22)
Rz cosp. CcOoSAA

The geographic latitude is derived from Eq. (2.11) and the geographic longitude from Eq. (7.2.8).

i The difficulty of this first implementation lies in the exact modelling of the earth's mass attraction

' G(Ry) in Eq. (7.4.20) for which we find assumptions in [7.13], Chapter 4. Because of the instability of
The vertical channel, treated in Section 7.3.5 and Chapter 8, the computation of G(R;) is based on external
altitude.measurements as indicated in Fig. 7.4.6.

In the second implementation of Fig. 7.4.6b the acceleration vector f; measured in the inertial frame
is transformed into the navigational frame via the transposition of Eq.7(7.4.21). !

Inertial navigation is then carried out in the conventional way (s. Fig.7.3.4 ). This relationship does
not require the modelling of Gy (Ry).

Th]e Autonetics ESGM (electrostatically suspended gyro monitor) for marine application works in this way
.16].

7.4.4 Mavigation Based on Inertial Measurements in the Body-Fixed Coordinete Frame (Strapdown Systems SDS)

i 7.4.4.1 The Functioning of Strapdown Systems

‘ In the preceding sections the functioning of inertial navigational systems with a gimbal-suspension
i gyro-stabilized platform as an inertial measurement unit has been dealt with. There are also inertial navi-
) gational systems available in which gyros and accelerometers are directly mounted to the vehicle, literally :
| strapped down to it. '

Fig. 7.4.7 shows an inertial platform in comparison to a strapdown sensor block. The former is a design !
of the sixties - showing the platform of the Litton LN-3A system suspended in four gimbal frames. The fi- .
gure provides an idea of the complex mechanical set-up required for such a system. The mechanics of the !
strapdown measurement unit (Steinheil Lear Siegler LBFK) are considerably simpler. .

By comparing Fig. 7.4.8 with Fig. 7.2.1 we will try to come to an understanding of some characte-

ristics of strapdown systems. In Fig. 7.4.8 one can see that the wind vane is now transfered

into the computer, i.e., the information of the north direction and the vertical is now no longer physi-

cally given in the platform as in Fig. 7.2.1, but analytically stored in a transformation matrix (np for the . ‘
) transformation of a vector from the body-fixed "b" coordinate system into the "n" or navigational coordi-
it nate system. The part on the right of Cpp presents the structure of the navigational computation and in i
this case is identical with that of the platfcrm system. The part left of it is different. We see the sensors !
directly mounted to the vehicle. The gyros are used for the direct measurement ot the vehicle's rotation
g%b of the body-fixed coordinate system with respect to the inertial coordinate system. Contrary to the
platform system where they had to provide “or its stabilization as null sensors, tiiey are here equipped
with signal readout electronics similar to accelerometers. Their output signal is fed to the computer for
the integration of the transformation matrix based on the formula:

t
anlt) = Gnplte) * { Gyl gl°(x) dr (7.4.23)
o

_, with (s. [7.26])

Cu C12 Cw] coSOCL5Y simdsindcosy cosésinocosy ;
~cosesinyg +sindsing :

= |C c C | - cosgsiny sinmsinosiny cospsimdsing (7.4.24a,b)
fnt 21 2 23 +cosbcosy -sindcosy .
€y Csp Ca3 -sing sinbcoso cos®cosd _ -
f
where.$,0 and ¢ are the roll, pitch and yaw angles of the aircraft and
n
b 0 Wy “’y
Fele, 0 - (7.4.25)
'“’y w, 0 b

ib

The components of the grmatrix are derived from the body-fixed gyro output w ~ and the Schuler feedback : ‘

win in the computer (s. Fig. 7.4.8) according to:

T i AL (7.4.26)

where wi" is the sum of Egs. (7.2.15) and (7.2.16).

Because of the similarity of the navigational computation including the Schuler feedback loops in Figs.
7.4.8 and 7.2.1 we may conclude that in a stationary strapdown system the navigational errors will also
be subject to oscillations of the Schuler period of 84.4 minutes and of a superposed 24-hour period as dis-
cussed in Section 7.3 for the platform system. We may aliso deduce from this similarity between platform
and strapdown systems that the same physical rules will hold for the latter one, i.e. especially the rule
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of thgmb that a navigation accuracy of 1 km/h requires an angular rate measurement error in the order ?f : ‘
<0.01/h (s. Eq. (7.3.11)) which also includes the "drift" of the signal processing in the computer. This X
leaves an impression of the tight requirements put on the gyros and their readout.

! In summary we may state that the transformation matrix Gip in a strapdown system without Schuler {
' feedback plays the same role as the gyro-stabilized platform. Thus all mechanizations discussed in the pre-

vious sections for platform systems (inertial navigation and attitude and heading reference systems) are

in principle also possible in strapdown technique. The methods for the initial alignment of platform and

strapdown systems are equally very similar as will be shown in Section 7.6.

A literature survey on strapdown navigation technology covering the aspects of concepts, components,
analysis, error generation and propagation, data processing and reliability is presented in [7.17]. A com-
prehensive overview on strapdown theory and application is given in [7.18].

7.4.4.2 Advantages of Strapdown Systems

Figure 7.4.8 reveals one essential advantage of the strapdown system as compared to the gimballed plat-
: form system: the inertial measurement unit provides additional measurement signals which are essential for
! flight guidance, instrumentation, and especially for flight tests. Those are the body-fixed measured acce-
lerations and angular rates. The above mentioned information on the flight attitude, headina, the accete-
ration and velocity relative to the earth as well as the position is provided, as it is in platform
systems.

f In the platform system the information on the reference coordinate frame stored in the gyros is mechani-
cally transferred to the accelerometers. In the strapdown system the gyros provide output signals on the
{ rate of change of the vehicle's attitude with respect to the inertial frame, which is used in the computer
N for the calculation of the reference coordinate frame., This has disadvantages as regards the overall navi-
{ gation accuracy, but also essential advantages as regards the resolution of the attitude and attitude rate
]

information, the implementation of reliability and the flexibility of the use of strapdown systems. !

i Let us first have a lock at the reliability of inertial navigation in plattform and strapdown usage.
| Platform systems now available on the market cen, for instance, no longer be operated if there is failure !
of one gyro. The sensors still functioning on the platform can no longer be used for the navigation. )

!

For a reliable inertial navigation three complete platform systems inclusive of computers are used. ‘
This method is applied, for instance, by the airlines for meeting the requirements for Category III landing {
(s. Fig. 7.4.3). The resulting increase in system reliability R, i.e. the probability of mission success, .
can be estimated from Fig. 7.4.9. .

In this diagram R is plotted over the ratio of mission time 1 divided by the MTBF (mean time between
failure) T of onc sensor for different set-ups of redundant configurations. According to experience the o
MTBF of mechanical gyros is in the order of magnitude of: S

10,000 h < T < 20,000 h. (7.4.27)

Fig. 7.4.9 is taken from [7.191 and is derived for the reliability of angular rate measurements with a
strapdown system. For a rough estimate we may use it also for reliability aspects of gyro stabilization.

Although the reliability of a system having three independent platforms with failure identification H
through comparison is better than that of a single platform (e.g. a doubling of mission time for R = 90 %), :
| ) it is less than that of a platfurm with three sensors on each axis where the defective gyro can be found :
: : by comparison and the remaining functioning gyros can be still be used. Note that the same number of gyros
! . is used in each case (three systems side by side or one system with three sensors on each axis), confirming

, the general rule of system layout for reliability by whicn it is more advantageous to implement redundancy !
‘ at the sensor level rather than at the system level. :

—

In platform techniques one does not triple the number of sensors per measurement axis. The system would
become very complex and there are specific construction "bottlenecks" such as sliprings and torque motors '
making this design impracticable.

This redundant sensor arrangement and their use for the increase in reliability can be implemented in ' .
strapdown systems without loss in efficiency from the bottlenecks jsut mentioned. R

)J-

Fig. 7.4.9 shows, however, another solution for strapdown systems which is still more advantageous and ‘ !
cheaper - sensors are oriented with their measurement axes normal to the planes of a dodecahedron. The !
included angle between any adjacent pair of measurement axes is approximately 639. In the Strapdown Inertial ; '
Reference Unit (SIRU) system described in [7.19] failure identification is sti11 possible when two sensors ’ '
have failed, and failure discovery when three sensors have failed. The accuracy of SIRU is of course affected

‘ if a sensor has failed; in comparison with thut of a conventional syste with three gyros in an orthogonal
; arrangement, SIRU however still has the same system error if two sensors have failed; for all sensors ope-
: rating, the system error is 30 per cent smaller.

The other advantage of strapdown as compared to platform techniques indicated above is -i1lustrated by
the fact that one single strapdown incrtial measurement unit mounted, for instance, on the turret of a tank

can be used not only for precision pointing of a weapon but also for navigation. Corresponding concepts are
discussed in [7.20 and 7.21]. s
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Fig. 7.4.9 System Reliability as a Function of Operating Hours for Different Configurations {7.19]

Summarizing we can state:

- In the field of avionics and flight test instrumentation one can predict as a future trend that one
strapdown measurement unit will be used for taking over the functions of the totality of gyro instru-
ments that are on board an aircraft today (rate gyro, vertical and heading references and inertial

platforms).

- The high reliability required for fiight guidance and navigation can be implemented in a more elegant

way in strapdown techniques than in platform techniques.

- Modular strapdown sensor units can easily be adapted to specific applications facilitating the record-
keeping for the ground instruments and the spare parts as well.as the maintanance of the systems.

- In terms of cost of acquisition and maintanance, strapdown systems will certainly be superior to the

platform systems.

This will not mean that inertial platforms will no longer be used. In the near future they will certain-
1y remain superior to strapdown systems as far as their accuracy is concerned. Problems affecting the

strapdown system accuracy are discussed in Chapter 3 with regard to sensors and will be discussed in the

next few sections with regard to the computer.
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7.4.4.3 The Strapdown Computer

In the discussion of stra?down computer algorithms we have to concentrate on the computation of the
transformation matrix Lnp only and on the transformation of the acceleration vector from the body-fixed
frame to the navigational frame

£ G for (7.4.28)

For the remaining computation in an inertial navigation or attitude and heading reference system (AHRS)
the reader is referred to the previous sections describing the same problems for platform application.

The highly accurate sensor readout is done in increments as described in Chapter 4, with each pulse coming
from the reset counters of the accelerometers as a velocity increment Av (< 1 mm/s) and coming from the reset
counters of the gyros as an angle increment A#(< 3 arc sec).

The transformation matrix Cnb is updated from the gyro measurements and the Schuler feedback (s. Egs.
(7.4.24) to (7.4.26) and Fig. 7.4.8) and the corresponding accuracy requirements are described by the fol-
lowing facts:

- the unit vectors of the n-coordinate frame after transturmation from the b coordinate frame must re-
main orthogonal

- the unit vectors must keep their unity length, i.e. (ph must remain normal
- the drift of (np must be Tower than the gyro drift.

There are several choices for the [n-updating, described more in detail in [7.18] and [7.22] to {7.25]
and briefly summarized below.

7.4.4.3.1 The Direction Cosine Update

The direction cosine update is carried out according to the numerical integration of Eqs. (7.4.23) to
(7.4.26). Only three of the nine elements Cjj (i.J = 1,2,3) of the gnb matrix can be computed independent-
1y from the three measurements. The remaining six equations are derived from the condition of normality:

2 2 2

€y *+ Cp + €53 = 1 (7.4.29)
ar

2 2,2 ;

Cly * Cpq + €54 = 1 (7.4.29b)

with 1 = 1,2,3
and the condition of orthogonality, when the product of two unit vectors vanishes:

Cih le + Gy Cjz +Cy3 Cja =0 (7.4.30a)
or
C“ clj + Cyy CZj + Cg4 (:3‘j =0 (7.4.30b)
with i = 1,2,3 and j = 1,2,3 but i # j.
The following relationship is equivalent with Eq. (7.4.30):
(7.4.30¢)

Cig = Ay
with Ai i= cofactor.
The direction cosine update thus always ?.ives an orthogonal and normal matrix, briefly called an ortho-
normal matrix. The computational burden is higher as compared to the quaternions mentioned below (s. [7.18]
and [7.22] to [7.25)).

7.4.4.3.2 The Euler Angle Update

- The relationships between the rate of change of the vehicle's roll (¢), pitch (9) and yaw (v) angles and
the body fixed angular rates uwy,y,; are {(s. [3.26]

é 1 sin¢tang cos¢tand wy
6=1]o cosé -sing w (7.4.31a,b,c)
v 0 Y

sing/cose cos¢/cosd wy

These differential equations can be integrated at high speed in the computer and the transformation ma-
trix (np assembled according to Eq. (7.4.24b) just prior to the transformation of the acceleration.

This three parameter transformation matrix update always results in an orthogonal matrix but has a sin-
gularity at 6 = + 900 (s. Eq. (7.4.31)) comparable to “gimbal Tock" of a three-gimbal platform (s. Section
5.4). It requires the computation of trigonometric functions and is only of advantage in special cases

. .
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7.4.4.3.3 The Quaternion Update Algorithms

’ This procedure is most widely used in present strapdown systems and will be discussed more in detail |
' based on [7.18] and [7.2Z] to [7.25).

) The orientation of a coordinate frame (subscript n) with respect to a reference frame (subscript b) can
: be uniquely described by one rotation through an angle & about one axis defined with respect to the refe-
' rence frame through the three direction cosines, i.e. through the coordinates of its three unit vectors

! (s. Fig. 7.4.10).

n zb

e e e

Fig. 7.4.10 Il1lustration of The Parameters Describing Quaternions :

These four parameters are comprised in the four quaternion elements
9y = cOs /2
9 = cos a sin §/2
q, ® cos 8 sin §/2

! Q3 = CoS ¥ sin §/2. (7.4.32a to d)
The quaternion q' is written as a one dimensional matrix

v W a—————— ke i et e

, @, O le 9 @ N, (7.4.33)

i.e., as a combination of a scalar qop and a vector q with the orthogonal components Q) 5.3+ Such a combi- :
nation will be marked also in the onlowing by a prime i

From Eq. (7.4.32) it is obvious that a meaningful set of quaternion elemants has to satisfy the condi-

tion of normality, the so-called norm N(q) being: o
32
Na) =L q§j=1. (7.4.34)
- i=0 :
The transformation matrix Cnp is composed of the quaternion elements in the following way
(q(z, + q"{ - q§ - q§) 2(qy " 93 ~q " q3) 2(q; " 93+ 4, * q) ' :
G |209 " %+ 05" 0y) (Beah-af-ad)  2qpc ag- gy ap) (7.4.35)
2(‘]1 Q3 -9y Qz) Z(Qo Q49 Q3) (Q§ + Q§ - ‘ﬁ - Qg)
The quaternion update is based on the differential equation:
§'(t) = Q(t) w'(t)/2, (7.4.36)
which is programmed in the computer as:
g'(t) = Q(t-T%) x'(t)., (7.4.37)

where
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% 9 " 9 |
9 "9 IR ] "9
. A 7.4.38 :
\ 9 qZ =q; 9 4 ( ) \
| Rk "9 9 %
) . T T
! w0 o't w e w) (7.4.39)
t
; and
X = () XN = (x(t) X8 x(t) Xyt (7.4.40)

{
l The components of X' are derived from the angular increments M(t) delivered by the gyros and the Schu-
! ler-feedback (s. Eq. (7.4.26)) for the time increment from t-TS to t.

! t

I ) - { y

i

t

H

O o) ' (7.4.4)

Different approximations for x are derived in [7.22] to [7.29):

X (8) = (xgt) X(t) )7
Lo = (1 3 8(t) )T 15% approximation
;' _i‘ + (%lgz(tn 0 )T 2" approximation
5 + (0 a2 (t) () ',
3x 2 (t-T9)x 8(t))7 37 approximtion. (7.4.42)

The first approximation needs no further comment, the second approximation gives a correction to the

scalar pa:t of X' and the third app.oximation to the vector part including the angle increment of the pre-
vious cycle.

\
The quaternion always results in an orthogonal transformation matrix but requires normalization due to ;’ :
- numerical errors. This can be carried out at a much lower rate, for instance every 10th update cycie based '
‘ on the following equations (s. [7.22] to [7.25)):
t
Gnew * Y010/ V(A2 (7.4.43)

Based on Eqs. (7.4.24a,b) and (7.4.35) the Euler angles are computed as follows:

a ¢ .1 2(q, 91 + a5 G4)
o-tanl-ca—z--tml o1 279

z_ 0 2,.2
% -9 -9%*q

-1 € 1 2(ay 95 -4q, 9
o tan! 21 v tan-) 201 % 7 % %)

e }
(1-C3;) [1-4(q) a5 - q, 95)17/¢ '

a C -1 2(q, a3 + 9y 9,)
! : vetnl Aol 0 3 2 (7.4.44a,b,¢)
, : n BrNT%R"9

N For the initialization of Eq. (7.4.37) based on known elements of gnb or known Euler angles the follow-
: ing relationships can be used:

»1 1/2
9 =7 (1 +Cyq +Cpp +Cy3)

I/

9 = (C3p = Ca3)/(4 qp) J

9 = (Cy3 - C31)/(4 q))

;

&

i

£
| E B
: \ 93 = (Cp) - Cpp)/(4 qp) (7.4.4524d) )

—l .

These equations have a singularity for ¢ = 0, i.e. for the strapdown system pointing south (v = 1ao°).
A more general strategy for initialization Sithout constraints is presented in [7.28].

7.4.4.3.4 Errors in the Computation of the Transformation Matrix

Errcrs in the computation of the transformation matrix are caused

- by the drift of the gyros or the errors in the Schuler feedback signals :
- by the so-called p oning error i

- by computational errors in the computer.
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Since in & strapdown system the gyro axes are body-fixed, the effects of gyro drift differ considerably
as compared to platform systems. When the aircraft changes its heading the gyro drift builds up an error
angle in a different direction and its overall effect on system performance is reduced.

We will see in a following section that the requirements for the strapdown accelerometers as compared
to platform accelerometers are more stringent in a manouvering aircraft.

For understanding the pseudoconing error let us first have a ook at the kinematics of the coning motion
shown in Fig. 7.4.11. We assume the x and y axes of the strapdown inertial measurement unit (IMU) to be
horizontal an carry out angular vibrations of

ux-unsinnt«-‘

w =8asin(atey) = é (7.4.46a,b)

with ¢ and & being the roll and pitch angular rates (s. Eqs. (7.4.3la,b)). If the yaw rate § of the IMU re-
mains zero in the mean

V=0, (7.4.47)
the vertical gyro will measure a mean angular rate of
G, =5 a8 asin o (7.4.48)
g

X
wpaQsinQt~é

®,~lapa frd -0

Fig. 7.4.11 The Coning Motion
From this we may deduce that a pseudoconing drift can arise:

- if the phase of a two-axes angular vibration is not correctly detected, e.9. due to bandwidth limi-
tation of the sensors, of the signal readout or of thé quaternion update process

- if a single-axis angular vibration is erronously measured as a two-axes measurement, e.g. due to the
angular acceleration sensitive drift of mechanical gyros (s. Tables 3.2.1b and 3.2.2b)

- if the sequence of processing of a two axis angular vibration io the computer is not correct, thus
causing a phase shift.

The first may be present in inertial navigation systems employing laser gyros with mechanical dither
lock-in compensation. In the Honeywell laser INS this is taken care of by a special coning electronics.

The latter is called "commutation error® which gives us a keyword for the computational errors in the
computer, mentioned above. They are caused by the fact that the transformation matrix update algorichems
are solved in the di?iul computer sequentially and in quantized increments. This approximation to a con-
tinuous process results in the following errors (s. [7.18] and [7.22] to [7.25]):

- the commutation errors (s. above)
- the numerical integration errors
- the round-off errors

- the quantization errors.

The numerical 1nt_.aration errors arise from the fact that the differential equation (7.4.36) for the
quaternions, for instance, having time varying Q (t) and w'(t) is approximated by a difference equation

T e e b e
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with (t-ATz taken at the beginning of the interval and X' the angular increments provided by the gyros
and the Schuler feedback. The algorithms mentioned in Eq.”(7.4.42) for the quaternions are based on a
truncated power series and the corresponding integration errors per step are derived analytically in ;7.22]
to [7.25], for instance. Table 7.4.1 summarizes the resuits for algorithm drift and computer load, which
indicate that it is advantageous to use the 3rd order algorithms. To further increase the order of numeri-
cal integration algorithms does not bring about any reward because the improvements get lost in in the
roundoff errors.

Quaternion update approximation (s. Eq. (7.4.42)) 15t 2nd 3"
Drift for constant input rate w and update 1 “3 1 m3 1 wS
frequency f b4 ;2 V18 ;2 P i) F‘
Required update frequency [Hz] for 0.1 %h

drift and 1 rad/s input rate 415 293 8
Number of additions and subtractions 24 30 45
Number of multiplications 24 T3 52
Program memory {15 bit words) 415 447 540
Computing time [ms] per updatel) 0.55 0.64 0.88
Computer_load [X] including velocity transformation 26 22 4

at 50 Hzl.2)

1) Honeywell DDP-516 combuter

Conversion of quaternion to transformation matrix requires 0.42 ms and the velocity increments trans-
formation 0.27 ms.

Table 7.4.1 Algorithm Drift and Computer Load for Quaternion Updatez) (s. [7.22] to [7.24])

Since the quaternion update does not yet include the computation of the transformation matrix and the
transformation of the velocity increments, additional computer time has to be added as mentioned in the
footnote of Table 7.4.1. It is taken into account in the last row of the table.

The roundoff crrors are similar to the errors arising in analog-to-digital (ADC) conversion plus sub-
sequent Tntegration (s. Section 4.3). There is only one difference. The ADC output has to be multiplied
with the sampling interval T3 for proper scaling so that the adder's output A¢ corresponds to the integral
of wr. In the present case the integration process is already carried out within the gyros and the trans-
formation update is a mere summation in principle. The roundoff error standard deviation o(Cij) of the
transformation matrix elements obeys the following relationship:

o(Cyy)  LSB (T2, (7.4.49)
The quantization errors have already been discussed in Section 4.3. They are the stochastic errors in

an integrator ted by the output of a voltage-to-frequency converter (VFC) or pulse-rebalance-loop (PRL) as
shown in Figs. 4.2.2 and 4.2.3. The errors are due to the fact that the angular increments & for updatin

the transformation matrix are processed in the computer in integer fractions of one pulse &P (s. Eq. (4.%.4)).

In the angular increment &b the info mation on this pulse MPis not lost, but delayed by one sampling time
increment. The corresponding noise ‘s independent of time and sampling interval. It depends only on the
Tayout qiaf ?he VFC or PRL of mechanical gyros or on the scale factor (i.e. the perimeter) of the laser gyro,
respectively.

The errors just discussed,their dependence on certain system parameters and countermeasures for their
minimization are summarized in Fig. 7.4.12.

Al errors depend on the angular increment A, i.e., for a given dynamic environment of the vehicie,on
the update cycle TS as indicated in Fig. 7.4.12. The update frequency 1/TS is 50 to 100 Hz in the strapdown
systems available at present. In addition to the update cycle, the wordlength in the computer - double

precision required in general in a 16 bit - [7.18] - and the choice of the update algoritha (s. Eq.
(7.4.42)) also affect the update accuracy.

7.4.4.3.5 The Transformation of the Velocity Increments

Exact inertial navigation requires the continous transformation of the body-fixed acceleration

signal 52 into the navigational frame and the continuous correction of Coriolis acceleration prior to the
first integration indicated in Fig. 7.4.8.

In the strapdown computer f}, is integrated during the sampling interval L o
t

aw(t) = § £ (1) dr (7.4.50)
t-T8
and the velocity increments only are transformed into the navigational frame:

By (t) = Grp(t) av (). (7.4.51)

- i -}
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Fig. 7.4.12 Qualitative Plot of the Computational Errors in a Strapdown Computer and their Dependence on the
Integration Algorithms and Computer Parameters (note: absolute values on scales are function of

input dynamics)
take into account that the continuous integration of Agﬂ(t) when solved by partial integration

t t t T
Bua(t) = § o(x) dem f guule) £y(e) 4t = Guu(t) any(®) - G g™ dar §  folx) o
t-T t-T t-T t-7
(7.4.52)

contains also the changes of (np and f}, during the sampling interval 75, The second approximation of the
velocity increments reads accoraingly:

o (8) = G () (] - 3 &) vy,

where & = @ 5 is the skew symmetric aggle increment matrix according to Eq. (7.4.25). The second approxi-
mation gives thus an improvement of 10°< g if the angular rate is 1 rad/s the acceleration is 1 g and the
sampling frequency is 50 Hx. It is shown in [7.23] that this approximation meets the accuracy requirements

of strapdown systems.
7.4.4.3.6 Acceleration and Angular Rate Extraction for the Purpose of Aircraft Control and Flight Tests

(7.4.53)

If the inertial sensor is equipped with an analog rebalance loop with subsequent voltage-to-freauency

conversion for generating the velocity or angle increments, the acceleration and angular rate can be taken
from the analog signal. Before digitizing and sampling this signal, the high bandwidth has to be limited
according to the sampling theorem, preferably by using Butterworth filters (s. Section 4.4). If the iner-
tial sensor is equipped with a pulse-rebalance {oop or if laser gyros are used, which both deliver the
measurement in pulises, the rate extraction has to be done digitally. The simple computation

Y(nTS) = % AV(NTS)  or  w(nTS) = -:? 2 (nT%) (7.4.54)

may be very noisy (s. Sections 4.2.3 and 4.2.4). For noise suppression Eq. (4.4.16) may be used, which is
equivalent to & series of two first order lags (s. €q. (4.4.15)).

In the Honeywell laser inertial reference system the acceleration is tapped before the wvoltage-to-fre-
Quency conversioh and subsequently filtered with a Butterworth filter of
Fs) = - 7 (7.4.55)
1 + 0.028s + 0.0004s o

limiting the bandwidth (-3dB) to 8 Hz. The laser gyro pulses are filtered with a digitally mechanized first
order l1ag so that the bandwidth is 5 Hz.

7.4.4.4 Practical Aspects of Strapdown System Integration - the Experimenta] Strapdown System of DFVLR (MOSY)

The functional diagrem of a strapdown system including information on the various requirements for sen-
sor readout, error compensation and computatiun as discussed in the different sections of this book is pre-
sented in Fig. 7,4, 13, The ranges of the frequencies mentioned there are taken from existing straodown
systems, for example, the Honeywell and the Litton strapdown inertial reference systems employing ring laser
gyros as shown in Fig. 7.4.14. Tables 7.4.2 and 7.7.1b susmarize more details on these systems.
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(s. Chaptersd and 4)
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coning motion effect due
to RLG-dither (10 kMz)
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misaltgmnt (RLG, MG)
scale
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(s. Section 3

temperature e*fects (RLG, MG)
actor error (RLG, MG)
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(s. Section 7.4.4.3.6)
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Accelerometer Triad
(s. Chapters3 and 4);
pulse width

avP < 0.05 cw/s

Compensation of:

bias, o
temperature ¢ ect.
sisall nt of ggot:u
pickof nd pendulum

axis

scale factor error etc.
(s. Section 3.6)

Acceleration l 50 to

Extraction
(s. Section 7.4.4.3.6) |

Direction Cosine Velocity 1 25 to
::2:::;',2::“ Formulation Transformation i 100 Hz
L(s' Eq. {7.4.35)) (s. Eq. {7.4.51) f¥ |
- === 4= === == - = - - —=
Attitude 25
Computation 100 Hz
(s. Eq. (7.4.44))
_ e ) e e e e e e e e e — — i o
5 to
Norwalization
(s. Eq. (7.4.43)) K 10 Hz
.ﬁ.___ﬂ____..__‘__,..__E_- -—_T—
Earth Rate Navigation
Alignment ( 5 to
S, tions 7.2.2
(s. Section 7.6) and 7.4) 10 Hz
|
—_— = e e = o =] e s — — - —_— e e— = mm e | e o -
J- — —4
¥ Angular Rate ¥ Attitude, Heading ‘vmcm v
Position Accele-
ration

‘)né = mechanical gyro; RLG = ring laser gyro

Fig. 7.4.13 Functional Diagram of a Strapdown Inertial Reference System
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Task Execution Rate (Hz) Words Required % Duty Cycle

Executive 256 400 2
Fast Instrument Compensation 256 150 14
Medium Instrument Compensation 128 200 6
Quaternion Integration 128 300 15
Direction Cosines 64 300 5
Attitude/Velocity Transform 64 350 5.5
Dits 128 400 3
Vehicle Rates 16 §50 5
Navigation (Fast) 8 100 2
Navigation (Medium) 2 600 ).5
Navigation (Slow) ) 350 0.5
Mode Controller 1 1650 1
Sel€ Test 2 1050 2
Math Library - 400 -
Data Base _ 1500 -

TOTALS 6800 RoM ™7 61.5

1500 RAM

Table 7.4.2 Operational Software Task Budgets in the Litton LTN-80 Strapdown System Computer

The coning motion effect compensation due to the mechanical dither of the ring laser gyros as mentioned
in Fig. 7.4.13 is taken care of by means of special microprocessor circuits in the Honeywell S{stem. They

sum up and down,at very high frequency,the cross product of corresponding gyro readings and release the net
results for compensation.

The motor hunting drift compensation is not based on the modelling of Fig. 3.2.8; if the rotor spin speed
with respect to the case can be measured, any deviation from a nominal value can be corrected with a corre-
snonding corre:tion of the gyro scale factor.

The computation of the other error terms is straightforward, once the coefficients of the error models
(s. Tables 3.2.1 and 3.2.2) are known.

For future research in the field of inertial strapdown technology DFVLR has developed in cooperation
with the Technical University of Braunschweig zn Experimental Strapdown System znosn. shown in Fig. 7.4.15
and described mor2 in detail in [7.29]. It consists of an inertial mezsurement (IMU) employing interchange-
able zensor moduies each includin(i' temperature control and binary puise width modulation readout electro-
nics (s. Section 4.z.4). The accelerometers are of the type Litef B-250 and the gyros Hamilton Standard
RT-1010.

Tha strapdown computer consists of multiple LSI-11/2 micro computers. A very flexible iaboratory inter-
face ystem - CAMAC developed by European Atomic Research Centers - assures the communication between the
micrccomputers, the IMU and external sensors.

The supervision of tae proper function of the sensor modules is shared by the micro computer system and
the sensor control and alarm unit (SCA). A plausibility and bit-error check is made in the first computer
which incerfaces the sensor modules via up-down counters. After detecting a hardwareerror an alarm can be
messaged to the computer control and display unit (CCD) and from there to the SCA which generates an automatic
gyro motor power supply shut off. This control loop covers the most important failures within the senscr
itself and the electronic rebalance circuitry.

£11 frequencies in the MOSY system are generated in a Central Tins Base (CTB) Unit from a temperature-
controlled 10 MHz quartz-generator with a frequency stability of 10-9.

For command and display purposes a Computer Control Display (CCD) was developed. It not only allows for
the quicklook of information from MOSY but also for feeding information into the computer via a keyboard.

Test results of the system are presented in Chapter 9.

7.4.4.5 Simulation Results of a Strapdown System in a Benign and in a Highly Dynamic Environment

Programs for simulating a strapdown system are very effective tools for obtaining an insight into
the contribution of different sensor and algoritim errors to system performance. Such complex programs have
been developed during the past few years at DFVLR. This section gives the summary of some simulation re-

" RoM = Read Only Memory
RAM = Random Access Memoiy
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sults [7.30] of the strapdown system position errors developed during a simulated flight time of 2600 s:

-on a stralg

ard a 360" turn after 1500 s (maximum take-g
rate 6 %/s, maximum roll acceleration 6 %/s

- on a highly dynamic flight of a remotely piloted vehicle (RPV) flying at 990 km/h towards the east for a
distance of 280 km including take-off and landing at the starting point
pitch, roll and terrain following (maximum take-off
roll rate 200 9/s, maximum roll acceleration 660 9/s

ht flight of a transport aircraft (TA) flying at 540 km/h towards the west including take-off

;f acceleration 3 m/s”, maximum yaw rate 2 °/s and rolil
and

2amd several maneuvers in yaw,
., maximum yaw rate 4 9/s and

.

cceleration 50 m/s
2)

Table 7.4.3 gives a summary of all error contributors, whereby several errors were combined in groups.

The numerical values are fairly small and they should be understood as lo-residual errors after compensa-

tion.

Table 7.4.4 summarizes some characteristics of the strapdown system and Fig. 7.4.16 the simulation re-
sults. —_—

Number Error Source Numerical Value
1 algorithm
2 azimuth misalignment 3.4 arc min
3 gyro fixed drift 0.01 %/n
4 gyro g-dependent drifts
unbalance 0.02 g/h/g2
anisoelasticity 0.03 “/h/g
5 gyro w~-dependent drifts
axes misalignment 6 arc sec
fixed scale factor error 3.107%
asymmetry scale factor error 3.10°8

quadratic nonlinearity scale
factor error

angular acceleration drift
anisoinertia drift

61074 O/h/(%/5)2
0.04 °7h/(%/s%)
0.4 %/h/(%/s)?

6 accelerometer bias 107 9
7 additional accelerometer errors
misalignment 6 arc sec
fixed scale factor error 1073
asymmetry scale factor error 10'5
quadratic nonlinearity scale 5 -1
factor error 107 ¢g
cubic nonlinearity scale factor -6 -2 Table 7.4.3 Summary of the Residual
error 1077 ¢ Sensor Errors of Strapdown
cross coupling 1075 g-l System Simulation
Transformation matrix computation
algorithm quaternion 3" order
update frequency 100 Hz
normalization frequency 5 Hz
velocity transformation
algorithm 3"’ order
frequency 20 Hz
angular pulse weight 0.9 arc sec

velocity pulse weight
navigation computation frequency 20 Hz

1.85-10"3 wm/s

Table 7.4.4 Characteristics of the
Simulated Strapdown System

———
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Fig. 7.4.16 Simulation Results for a Strapdown System in Two Difterent Types of Aircraft

In the benign environment of the transport plane the accelerometer biases are the main error contribu- '
tors. If the aircraft heading during the self alignment mode differs from the heading during the subse- ,
quent flight, which in general is the case, the equilibrium at the end of the alignment mode is disturbed
leaving a constant acceleration error of ue * - twice the amount of the bias (s. Section 7.5). In this re-
spect the error growth of the strapdown r ...m differs considerably from that of the platform system. This
is not the case for the effect of constant gyro drift in straight flight; the strapdown and platform system
performances are alike in this respect.

o — it o et e ot

The azimuth misalignment orimarily causes the cross-track error (s. Section 7.3.2), i.e., for the wester-
1y flying transport plane a position error in the north-west channel. The algorithm error is negligible.

In the highly dynamic environment of the remotely piloted vehicle (RPV) the pseudoconin% error, i.e.

the gyro drift due to angular acceleration (s. Section 7.4.4.3.4 and Tables 3.2.1 and 3.2.2), is domi~

nant. Because of the RPV's return to the starting point other errors are smaller than in the first case,
such as the errors due to accelerometer bias and due to gyro drift. The algorithm errors are still negli-

L gible as compared to the sensor errors, but are approximately 8 times the amount in the benign environment
of the transport case.

et S g e drir e

7.5 The Linearized Error Dynamics of Inertial Navigation Systems :

In the previous sections we have become familiar with several inertial navigation systems, differing in
the mechanization of the reference coordinate frames in which the accelerometers carry out their measurements. P
They all have in common the generation of information on the aircraft's, attitude and heading, ground speed CT
and position with respect to the geographic coordinate frame. .

|
i
1

In this section we will briefly discuss the linearized error dynamics of all systems, which is the basis
' ; for modelling it in a Kalman filter.

X ' The two vector equations for the grror dynamics are derived in [7.13] and [7.31], for instance. They
' describe firstly the rate of change g, of the computed navigational coordinate frame's misalignment with
) respect to the true coordinate frame about the north, east and down axes (s. Eqs. (7.3.23a,b,c) for the
north indicating system):
% . in in L
{

€ = 3 X w + Sw + (7.5.1)

=n =n = = = b 2
with the effects of: ’ ’ ’ ’

earth rate plus trans- erroneous Schuler erroneous slewing gyro drift
! port rate on wmisaligned feedback (feedback about vertical

system or platform @ in Figs. 7.2.1  axis in wander
;feedback in Figs. and 7.3.4? azimuth mechani-
\ .2.1 and 7.3.4) zation
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Secondly they describe the acceleration error sj_n in the north and east axes {s. Eqs. (7.3.23d,e) for
the north indicating system):

o Xl - o ¢ oy * (L~ g %) bpr 8
with the effects of f f ’ f
acceleration measured in erroneous Coriolis deflection of the accelerometer error
misaligned system or acceleration com- vertical (s. Fig. including the effect
platform nsation (feedback 2.4) of correlated misalign-
in Figs. 7.2.1 ment and accelerometer
and 7.3.4) error (sculling in
strapdown systems)
(7.5.2)

This confirms that Eq. (7.4.23) may serve as a basis for modelling the error dynamics of any iner-
tial navigation system in a Kalman filter, the only difference lying in. the modelling of the sensor errors,
which act in the north, east and down axes via the transformation matrix ¢ .

For the north indicating systems (NIS):

or = b (7.5.3)
as can be seen from £q. (7.4.23).

For the wander azimuth inertial navigation systems

for= Cna’ (7.5.4)

(s. Eq. (7.4.8)) with the wander azimuth angle o derived from Eq. (7.4.4) for the Litton systems and from
Eq. (7.4.5) plus 8 = 1 RPM for the Delco Carousel IV systems.

For the pseudo-pole inertial navigation systems, Eq. (7.5.4) is also valid. The wander azimuth o has to
be computed from Eq. (7.4.19), which can be simplified for small angles u.

For the inertial navigation systems with space-stabilized platform

Cor = Eni (7.5.5)
(s. Eg. (7.4.21)).

And finally for the strapdown systems we have the effect of the sensor errors in the north, east and
down directions changing with the aircraft manouvers

Sor = Snb (7.5.6)

(s. Eq. (7.4.24)). The strapdown system errors are thus comparable to the errors of a north indicating
platform system in a straight flight and benign environment, but they differ considerably from it if the
aircraft is manouvering (s. Section 7.4.4.5). It is an advantage that in the latter case the gyro drift
also changes its direction, but it is a disadvantage that the equilibrium at the end of the self-align-
ment mode (s. Eqs. (7.6.2a to c)) between east-west gyro drift and azimuth misalignment as well as between
horizontal misalignments and accelerometer biases is disturbed. After a change of 180° in yaw angle these
sensor biases drive the system error with twice their steady state amount. This indicates that very tight
requirements need to be set up for not only the strapdown ayros but also the accelerometer.

7.6 Self-Alignment of Platform and Strapdown Systems

7.6.1 Introduction

Tne initial self-alignment loop or gyrocompassing loop of a stationary inertial platform is in principle
the electronic equivalent of a mechanical gyrocompass mentioned in Section 7.1.

In the following we will briefly review the principles of the gyrocompassing loop of an inertial plat-
form and the accuracy achievable for the initial alignment.

A second method for the alignment and calibration of platform and strapdown system will also be described -
a: open loop estimation procedure for azimuth misalignment and north gyro drift - which has the advantage
o

- resulting in simple formulas for the covariance and the estimation gain of the two state vector elements,
- being easily programmable,

- :geeding up the alignment time - becoming increasingly insensitive to vehicle sway with estimation
me.

7.6.2 The Gyrocompassing Loop of an Inertial Platform

Fig, 7.6.1 shows in principle the mechanical gyrocompass consisting of a pendulous two-degree-of-freedom
gyro with nearly horizontal spin axis. The sensor can move freely with respect to the base. Once disturbed
from its equilibrium, namely true north, it will oscillate ia an elliptic cone about this equilibrium or
will align itself with true north if it is damped as indicated in this figure.
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Fig. 7.6.2 The Gyrocompass Mechanized with a Free Gyro, an Accelerometer and Two Feedback Loops

Sensor Error Model Platform Alignment Loops

; East Accelerometer ]
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Fig. 7.6.3 ’S’}'mplfified Block Diagram of the Gyrocompassing and the North Levelling Loops for an Inertial
atform
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Fig. 7.6.2 indicates how the mechanical gyrocompascs is implemented electronically. The pendulosity of Fiq.
7.%.1 ts replaced by an accelerometer whose input axis is aligned with the spin axis and whose output signal
is fed via the gain -KpH to the horizontal torquer for raising the frequency and via he gain -KgH to the
vertical torquer for raising the damping of the sensor's oscillation.

We find the same interconnections in the simplified gyrocompassing loop of an inertial platform whose
block diagram is shown in the lower half of Fig. 7.6.3. The output of the north-south accelerometer NA
causes a platform rotation p about the east-west and down axes via the gains -Kg and -Kp. The upper half
of the block diagram shows tnid levelling loop for the north-south axis.

One of the simplifications in this diagram concerns the model of the free platform (s. Fig. 7.3.4)
which has been reduced to the coupling of the vertical misalignments ¢p into the east~west axis via the
horizontal component of earth rate &£ = Qcosp. The coupling between the horizontal axes via the vertical
component Q° = Qsimy of earth rate has been neglected, which is acceptable since the horizontal misalign-
ment angles €N, E are smaller than the azimuthal misalignment g

7.6.3 Platform Equilibrium and Sensor Calibration at the End of the Alignment Process

From the block diagram in Fig. 7.6.3 one can easily derive the following relationships for the equili-
brium of the platform at the end of the alignment process when the inputs to the integrators are zero:

for ideally compensated sensors, i.e. no accelerometer biases (BN' = 0) and no gyro drifts (Dy g p = 0)
the platform will be ideally aligned with the vertical and true north:

ey,E,0 =0 (7.6.1)

for non-ideally compensated accelerometer biases (By,¢ # 0) no distinction can be made in the
output signals of the accelerometer between bias anu corresponding constant horizontal misalignment
angles of the platform, i.e. the accelerometer bias cannot be measured during or at the end of the
alignment process, but is compensated by the horizontal platform tiit:

EN,E =4 BE.N/Q (= 4#0.1 m rad = 20 arc sec for BN.E = 10'4 g): (7.6.22,b)

~ for non-ideally compensated east-west gyro drift ‘D[ # 0) no distinction can be made at the input
of the east-west gyro between its drift and the effect of vertical misalignment ¢p, i.e. the east-
west gyro drift cannot be measured either during or at the end of the alignment process, but is com-
pensated by the azimuth misalignment:

€ = -0/ (= 1 mrad = 3.4 arc min for Dg ~ 1/100 %/h and ¢ = 45°) {7.6.2¢)
where o = o cosy ;

if in addition the north-south and the vertical gyros are corrupted by the drift Dy p, the horizontal
accelerometers furnish additional control offset signals at the end of the alignment process:

T = 5 (B + Dyky) (7.6.24)
% - -% (By + Dp/Kp)- (7.6.2¢)

Whilst the accelerometer biases B“.E cannot be measured, the north-south and the vertical gyro drift
Dy,p cause an output voltage of the horizontal accelerometers and thus can be measured.

The additional tilt due to Dy p,and thus the control offset voltage, can be reduced by setting the loop
gains Ky p high or preferably by shunting the amplifiers of the levelling loops with an integrator as in-

dicated In Fig. 7.6.4 for the north-south gyro drift. In practice only this sensor error is compensated in
the manner shown. The vertical gyro drift can only be measured by means of the synchro mounted on the ver-
tical gimbal axis, which requires the absence of any platform motion.

EQ. (7.6.2c) is applicable to all north-seeking methods with g{roscopic sensors. These methods are limi-
ted to 80° latitude, approximately (¥ < + 76.59 for Delco Carousel IV platform system). Note that only the

initial self-alignment of the INS is limited to this latitude; the actual navigation function can be per-
formed at all latitudes (s. Section 7.4).

If we choose the following gains in the gyrocompassing loop of Fig. 7.6.4:
Ky = 1/(2q7)
= A
Ky = 1/(16gT% )

and the gain of the shunt integrator in the levelling loop .
Ky = Kp &% {7.6.34)

both loops - the north-south levelling loop and the gyrocompassing loop ~ have the same dynamics, namely
four equal roots with the time constant

T=2T=60s

(7.6.3a,b,¢)

(7.6.4)

(the figure was selected in laboratory tests [7.32]) and the problems of compensating the north-south
gyro drift and of vertical platform alignment are alike.
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Fig. 7.6.4 Simplified Block Diagram of the Gyrocompassing and North Levelling Loops Including Integrating
Networks for a Stationary Platform
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We have not yet mentioned the vertical accelerometer, Its output signal.which should be gravity, can
certainly be used fop calibration. For the field-calibration of 211 sensor biases (Dy g p and By £.0)
and scale factors (S g p for the gyros 0 for the accelerometers) the gyrocoupas&ii\g wmode iS carried
out several times with tRe input axes of elsn qyro once in the north and once in the south directions and
the input axes of each accelerometer once in the up and once in the down directions, which requires 9 orien-
tations of the platform. The sum and differences of the currents into the north or south gyro iN,s and into
the up or down accelerometer 1U p are evaluated in the following way:

’

0 = -s9(iy + ig)2 9 = (fy - ig)/(20%)

B = -s*(iy + 1,2 st = (4p - 1y)/(29). (7.6.5a,b,¢,d)

7.6.4 The Gyrocompassing Loop in a Strapdown System

We now apply gyrocompassin? to the initial alignment and sensor calibration of a strapdown system.
"Alignment" means initialization of the transformation matrix {np for transforming the body-fixea measured
acceleration vector, i.e. the vector of the velocity increments Avy into the navigational frame Avp. The
corresponding block diagram is shown in Fig. 7.6.5.

The underlined signals in this block diagram have to be interpreted as vectors - as pulse train vectors
of the vehicle's velocity increments in the body frame (Av,) and in the navigational f;gn (Avp) and simi-
larly as angular increments of the vehicle's motion with respect to ipertial space (M)°) measured in the
body frame and as angu]ar increments due to the sum of earth rate (:r_z: and gyrocompdssing plus north
levelling feedback (Mf) transformed into the body frame. The sum of all angular increments just mentioned
updates the transformation matrix (nb.

It is quite obvious that in the strapdown system all sensor errors limiting the platform alignment accu-

racy (s. Egs. (7.6.2a,b,r)) and the north gyro drift calibration accuracy are composed of all body-fixed
sensor comporants according to

Dy = o & Bn = Gnb By (7.6.6)
7.6.5 Coarse Alignment of the Strapdown System - Interplay of the Sensor Signals During the Alignment Process

Before starting gyrocompassing, the platform is in general levelled and magnetically aligned to true
north in order to speed up the procedure. With strapdown systems another coarse alignment procedure may be
utilized if the base is stationary. This coarse alignment procedure is based on the fact that the strapdown
IMU measures earth rate /® and gravity in the body frame which theoretically could be instantly used
to initialize the transformation matrix fﬁb by means of the following equations for the elements of the
transformation matrix Cny

C
C3p = ~f/9 Cyp =wy /8" + C3) tane
C
Cy3 = -/9 Cy3 =0,/ + Cqy tanp (7.6.7a to f)

The remaining equations for the missing three elements are found from the condition of orthogonality:
Ca1 = €12 C33 * €13 C3p

Ca2 = €1y G33 - G383

Cz3 = -Cn C32 + clz C31- (7.5.79.'\.‘.)

This alignment procedure is recommended only for the "levelling" of strapdown systems using the
accelerometer output signals Avy. The derivation of azimuth misalignment on a moving vehicle pust be
based on the acceleration values Avp, which are “base motion isolated” via the (np, matrix as shown in
Fig. 7.6.5, where the signals from gyros and the computer serve to update this matrix. The gyro signals
alone, even if 2veraged over a certain length of time, can hardly be used for the direct measurement of
azimyth misalignment because earth rate apd vehicle angular rate cannot be separated. Their use would be
comparable to the derivation of true north from the change of time of the synchro signals of a gyro sta-
bitized platform. For the sensitivity of this method to vehicle motions we can use the relationship between
azimuth misalignment and corresponding east-west gyro drift in Eq. (7.6.2c). Therefore it can be deduced
that even if the synchio si?luls of the platform or the gyro signals of a strapdown system were to be
evaluated over 1 hour6 for instance, a 10 steady state change of the vehicle's attitude in that time would
be interpreted as a 59 change in azimuth!

For fast coarse azimuth alignment external measurements (magnetic or optic) should be used, and the
procedure just described should be utilized for levelling only.

7.6.6 Considerations on the Alignment Time

The alignment time depends on the accuracy with which the horizontal misalignment angles and their slope
can be measured with the aid of the horizontal accelerometers. We have to remember in this connection that
the vertical misalignment is based on the slope of the north-south accelerometer output signal according to

b¥y/g = € 0 cosp = 107575 for ¢ = 45° and ¢ = 1°. (7.6.8)
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This is a very sma)l signal, especially it we bear in mind that €p Should be less than 1 mrad!

The measurement of the horizontal misalignment angles by means of the accelerometer output signals vy ¢
is corrupted by »

- the quantization noise AvP
- the bias and its stability
- the vehicle sway.

It is shown in [7.32] that the alignment with the gyrocompassing loop of Fig. 7.6.5 is fairly insensitive
to the errors just mentioned as long as their autocorrelation time is much smaller than the integration
time of the gyrocompassing loop:

i

T 'W—KEW . (7.6.9)

With a quantization noise of
avP = 0.8 m/s (7.6.10)

approximately 10 minutes were required in a strapdown system to drive the azimuth misalignment from 3° to
0.2° when the gyrocompassing procedure was used 7.32].

Speeding up the alignment requires a smaller integration time and makes the 100p more sensitive to the
errors mentioned above, especially to vehicle sway. We will ses in the next section that it is advisable
tgt:se]an oge:iloop misalignment estimation procedure, which becomes fairly insensitive to vehicle sway
with elapse me.

7.6.7 The Open-Loop Azimuth Misalignment and North-South Gyro Drift Estimation Procedures

As preparation for the application of this procedure to the alignment of platform and strapdown systems
we simply open in Figs. 7.6.4 and 7.6.5 the loop of the shunt integrator in the north-south channel and
the loop for the vertical alignment. At the same time we reduce the time constant of the levelling loops
to, for example, 0.1 of the value in the gyrocompassing mode. The torque signals for levelling the platform
(or the transformation matrix) are used as measurements for the estimation procedure after they have been
integrated up and divided by the elapsed time. The corresponding block diagram is shown in Fig. 7.6.6.
This measurement will be a signal for the mean torque rate.
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Fig. 7.6.6 Block Diagram for the Levelling Loops of a Strapdown System Delivering Measurements for the
Estimation of Azimuth Misalignment and North Drift
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1f measurements for the estimation procedure are taien in time increments greater than the longest pe-
riod of the base motion, we may neglect the wmodelling of the base motion as required in a Kalman filter
and assume that each measurement is a signal for the north-south gyro drift or the azimuth misalignment
c[', Q2 cosey, contaminated by noise dependent on sensor and readout quality and base motion dynamics.

In a fine levelling mode at the beginning of the procedure no measurement is taken, since for a steg
function as input the loop reaches its stationary output at t/t = 5, i.e. after approximately 30 s. The
measuring is then initiated and an estimation is carried out every TK = 30 s, for instance.

The formulas for the estimation procedure with stationary measurements are easily derived from the Kal-
man filter algorithms. They are listed in Table 7.6.1.

State to be estimated: X = DN or g 1 cosy

K K

Me t at time t = kT (x) 1}“( ) ¢ llf(Td (%)

asurement at time t = 2 = X +Vv)dt = X T+V
« o W o

Measurement noise:

1(‘rH:h o, = quantization noise covariance and v(k) ~ N{o, ci(k)), a,(k) = S,
- le‘elHng loop sampling time)

T]
IRL
Covariance of estimate

before measurement:

{with g = noise covariance 2 2
of north and east drifts) oy (k) = o,(k-1) + q

o2 (k) - o3(K)

after measurement: qi(k) * —r————
Oy (k) + °z(")
od(k)
Estimation gain: K(k) = -
o5 (k)
Estimates - -
before measurement: x'(k) = x{k-1)
after measurement: x(k) = x* (k) + K(k) [2(k) = x*(K)]
Theoretical estimation accuracy limitations: 9GP e 0
NI

[ + 0, /(0 cosp )
€p* DE

Table 7.6.1 Recursive Formulas for the Estimation Procedure of Azimuth Misalignment and North Drift

The states to be estimated (cp and.Dy) are comprised in x. The measurement z is the output of the inte-
grators in Fig. 7.6.6 divided by the elapsed time, and the measurement noise, assumed to be quantization
noise, decreases correspondingly. The estimate covariance is represented by a very simple formula as is
the estimation gain which decreases with elepsed time as expected. In Table 7.6.1 the theoretical estima-
tion accuracy limitations are mentioned, showing again that the physical 1imitations of any inertial north
seeking method cannot be surpassed by the estimation procedure (s. £q. 7.6.2).

As compared to the gyrocompassing alignment discussed in the Section 7.6.6 the alignment with the open-
loop estimation procedure was approximately twice as fast when the following parameters were used [7.32]:

o (0) = 0.1 [rad] o, = 3.2 - 10 [rad/s] q =3.0 - 107 [rad?/s)
™ = 30 [5] =7 = 0.02 5]

(7.6.11a to d)

With increasing estimation time it also became more and more insensitive to accelerometer noise, bias
instabilities and vehicle vibrations. This was not so much the merit of the optimal estimation algorithms
but of signel conditioning in Fig. 7.6.6, i.e. the integration of the torquing signal and division by the
elapsed time. An analogy for this measurement improvement over elapsed time is the accelerometer readout
on a platform with no levelling loop and with earth rate compensation but having north gyro drift or azi-
muth misalignment. Both will drive the platform about the horizontal axes and the output of the accelero-
meters increases with time (s. Eq. (7.6.8)). The relative share of sensor disturbances and acceleration
noise will decrease with elapsed time also. The gyrocompassing loop remains constantly sensitive to acce-
lem-e;er bias instabilities and vehicle motions whose autocorrelation time is greater than the integration
time T! (s. Eq. (7.6.9)) of the corresponding loops in Figs. 7.6.4 and 7.6.5.
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7.7 Summary and Overview of Existing Inertial Navigation Systems

Inertial navigation systems (INS) render information on position, velocity, attitude and heading. They
are used not only for navigation but also for flight guidance and for flight testing (Section 7.1).

The functioning of platform systems with their accelerometers pointing north, east and aown (north indi-
cating system NIS? and their error dynamics have been discussed (Sections 7.2 and 7.3).

The use of the NIS is limited to geographic latitudes below 90°. Other inertial navigation system mecha-
nizations, especially with wander-azimuth platforms, allow worldwide navigation (Litton systems, Delco
systems) and offer additional advantages (Section 7.4.1 and 7.4.2).

Inertial navigation systems employing electrostatically supported gyros have space-stabilized platforms
(Section 7.4.3). Strapdown systems represent the new development in the field of inertial navigation and
flight testing {Section 7.4.4). Again the functioning and the advantages of all these systems are discussed.

The linearized error dynamics of all inertial navigation systems regardiess of internal mechanization
but whose output signals are attitude and heading, ground speed and position with respect to north, east
and down can be modelled in a Kalman filter in the same way, the only difference being in the driving
function of the sensor errors (Section 7.5).

The initial self-alignment mode of platform and strapdown systems, including the accuracy achievable is
discussed (Section 7.6).

Tables 7.7.1a and b summarize the characteristics of existing platform and strapdown systems.

No. Parameter Manufact, »=
Model No.
Delco Ferranti Litton SAGEM
Carousel IV FIN 1000 LTN-72 ULISS
Volume [litres]/ Mass [kq]
1 inertial navig. unit 28.0/24.5 31.2/20.4 28.6/26.8 14.3/15
2 control display unit 2.3/ 1.717 2.7/ 1.8 2.6/ 2.3 2.9/ 3
3 mode selector unit 0.3/ 0.32 - 0.3/ 0.5 0.6/ 0.9
4 automatic data entry unit 0.8/ 1.6 0.13/0.15 - -
5 battery unit 7.6/12.2 - 7.5/12.3 -
6 total 39.0/40.39 34.03/22.35 39.0/41.9 17.8/18.9
7 Power dissipation [Watts] 405 285 460 260
Sensors
8 gyro type RIG RIG 1) 14] DTG
9 day to day [°/h) 0.05/0.0026 <0.01 <0.01
10 accelerometer type floated, fluid damped dry, flexure dry
flexure flexure sup- Support
support port
11 acc. bias stability [g) 1074 107t 5.10°°
Some Qutput Signals and their
Accuracy
12 attitude [°] 0.2 0.15 RMS 0.2 0.05(10)
13 heading [°) 0.4 0.15 RNS 0.4 0.08(10)
14 ground speed [m/s] 1.0 1 (50 %)
15 position [n m/h] <1.7 (95 z;. <0.5 (50 %) 1 (50 %)
<0.7 (50 %
16 vertical acceleration {g] 0.02 0.01 0.06(1a)
17 wind speed [kn] yes yes yes yes
18 wind angle [°] yes yes yes yes
19 Remarks on System Mechanization wander azi- north indi- wander azi- wander azimuth
muth, plat- cating wyth, DME
form rotation, platform or update
DME update wander azi-
muth (option)

Table 7.7.la Summary of Some Characteristics for Existing Platform Inertial Navigation Systems
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Manufacture
N. FParameter Nodel No.
Litton Honeywe 1l SAGEM Teledyne
LTN-90 M6 1050 MSD TOY-740A
Volume [litres]/Weight [kp}
1 inertial reference unit /20.0 /20.9 8/71.5 28/20
2 inertial sensor display unit / 0.6 /2.2 2.8/2.0
3 mode selector unit /2.3
4 total 722.9 /723.1 8/7.5 30.8/22
5 Power dissipation [Watts) %90 131 10 200
Sensors
gyro type RLG, LG-8028A RLG,GG 1342 DT6,GS0 DTG,SD6-5
day to day drift [%/n] <0.05
accelerometer type A2 Sundstrand QA2000 A 310 Sundstrand QA1200
or Systron Donner or Systron Donner
4851 4841
9 acc. bias stability [g] 8-10°° 5-107°
Some OQutput Signals and their
Accuracy
10 attitude {°%] 0.1 0.1 0.3 0.03
1 heading [°) 0.4 0.4 0.3 0.3
12 ground speed [m/s) 4.0 4.9 4.1
13 position [n mi/h] 2 2 3 1.5
14 angular rate resolution °/s / -4 2)
band width [Hz2] 4.9:107°/8 v.01/5 0.01/100
15 accelaration resolution [g1/ -5 )
band width [Hz) 2.3°107%/8 0.001/8 0.123/100°
16 wind speed resolution {m/s}/
band width [Hz) 0.5/3 0.3/2 -
17 wind angle resolution [°)/
band width [Hz] /3 1.0/2 -
18 Remarks on System Mechanization wander azimuth wander azimuth wander azimuth

“)pulse weight and update frequency of angle increments in dagrees and velocity increments in m/s

Table 7.7.1b Summary of Some Characteristics for Existing Strapdown Inertial Navigation Systems
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8. HYBRID INSTRUMENTATION SYSTEMS AND THEIR APPLICATION TO FLIGHT TESTING OF ON-BOARD AND GROUND EQUIPMENT

In the preceding chapters gyroscopic and inertial measuring equipment which is used for flight tests ,
has been discussed. The deterministic errors of these sensors and systems have been described and calibra-
! tion methods which are used to measure and compensate these errors have been considered, The accuracy of
i the sensors is then basically Vimited by the stochastic errors, which change from switch-on to switch-on.
: More or less sophisticated pre-fiight alignment and calibration procedures are applied to measure and com-
i pensate these errors. These procedures are usually successful in the case of random bias type errors which
|

have different but constant values for each flight. The time varying random errors - especially the medium
and high frequency errors - can be reduced in part only by direct filtering (for example low-pass filter-

ing). Here the engineer is confronted with the problem that direct filtering not only affects the errors

but also destroys the high frequency signal information.

A way out of this problem consists f using redundant integrated instrumentation and of applying filters
to the difference between the redundant sensor signals. The principles of this method will be explained in
this chapter and exampies will be given.

The basic principle of error reduction in a hybrid sensor system is explained with the help of Fig. 8.0.1.
The sensors A and B measure the same physical quantity, e.g. the aircraft velocity. They have been
! selected so that they have different error characteristics. For example the sensor A may have low frequen-
cy errors (e.g., INS) and the sensor B high frequency errors (e.g. Doppler radar, which is discussed la~ :
ter in this chapter). The difference between the velocity outputs of these two sensors contains only in- |
formation about the errors of thege sensors and not about the true velocity. This fact has to Re explained. I
The indicated velocities vA and vB are the sum of the true velocity v and the sensor errors sv* and v :

!
) vA=v+vst

vB = v+ avB ’
1
i

3 The difference is

Av =VA - VB = GVA - GVB.

t

J So if filtering is applied to the difference between both sensor outputs, the true signal v, is not affec-

i ted. This is the first great advantage of filtering in a hybrid sensor system in comparison with direct

l filtering of the sensor output. The second advantage is that the use of detailed models of the sensor er- ,

. rors allows the identification of the deterministic and stochastic errors with high accuracy, so that these !
errors can be compensated with similar accuracy. If recursive filters are used (e.q. Kalman Filters) one ;

obtains continuous estimates of these errors, which can be compensated on-line. An important condition

for the success of this hybrid filtering is that the sensor errors are complementary, for instance when

they have different frequency spectra (e.g. low and high frequency errors). These types of hybrid fil-

ters will be discussed in the fcllowing text:

- Conventional (analog) filtering.

——c

- Kalman filtering.

- Optimal smoothing.

; The mathematical theory of these methods will not be explained in this text - only the principleg. will ;
; be discussed. The reader who wants to apply these methods is referred to excellent text books existing on i

these subjects (8.1, 8.2]. |

As an example, Fig. 8.0.2 shows a hybrid autonomous measuring system for the aircraft attitude, accele-
i ration, velocity and trajectory, which uses a Kalman filter. The measurements of the INS are compared with ;
: those of an additional sensor, such as a Doppler radar or TACAN. The difference betweer the measurements, :
which in the Kalman filtering theory is called the "measurement", is fed into a Kalman filter which_esh- :
mates the errors of the INS and the additional sensor. These errors can then be corrected on-line with
the help of a suitable controller. .

!

h

P

/ Another example is shown in Fig. 8.0.3, describing a hybrid system for reference trajectory measurement. i

Th's system uses an optimal smoothing technique and the figure summarize- the basic princjples of this
technique. The Tow frequency aircraft motions are measured wi'“ high precision by a tracking radar, by a
long distance radar, by TACAN or by cinetheodolites. Only low frequency sampling is required (e.g. once
every 10 seconds). The high frequency motions of the aircraft are measured by the on-boar:d INS or b,)_' the

. Doppler navigation system. These navigation system: have the necessary short temm stability to provide an
accurate measurement of the high frequency aircraft motions. The smoothing technique is aﬂphed in the
following manner. The differences btween the position measurements of the on-board and the ground-based

‘ sensors are fed into an optimal smoothing algorithm, which estimates the (low frequency) erro:s of the on-
board sensors with high precision. The measurements of the on-board sensors are then corrected for the

o

‘ . estimated errors to obtain the reference trajectory, velocity, attitude and heading. Thus the optimal
f. smoothing is applied only to the difference between measurements of two sensors and this difference is
equal to the difference of the errors of both sensors, and the true trajectory is not affected by the
smoothing process. We shall see later on that smoothing can be applied only off-line, because the smoothing
algorithm uses all the measurements taken during the flight test in order to estimate the sensor errors.
But this is no restriction in most cases, when the reference data are required with high precision afte

the flight test. .

8.1 Models for the Sensor Errors
As examples of the sensor error modelling, an inertial navigation system and a Dopnler radar system are

considered, The former is described ir Chapter 7. Laboratory measurements for the horizontal channels of an
INS of the type Litton LN3 are shown -u. Fig. 7.3.5. The error model describing these measurements is

i
@ !
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summarized in Eqs.(7.3.23a to g). The corresponding block diagrams are shown in Figs. 7.3.3 and 7.3.4. .

Sections 7.3.5 and 8.2.1.1 deal with the error model of the vertical channel which is augmented by the
! barometric altimeter. The error growth of the unaided inertial altitude is plotted in Fig, ??g.ll. The

; ! block diagram including the augmentation is shown in Fig. 7.3.3. The measurements and the theoretical error
| : models prove the statement that the INS has excellent short term stability but that its error increases
with time.

" We will now discuss the error of a Doppler radar. Fig. 8.1.1 shows a comparison of the horizontal air-
craft velocities of the DFVLR HFB 320 test aircraft measured by the well-calibrated and aligned LN3, and

i by the Doppler radar: the correlation time of the Doppler radar errors is of the order of a few seconds,

! so that the assumption of an uncorrelated Doppler error seems to be justified for the most applications.

B0 VELOCITY, MEASURED BY
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Fig. 8,1.1 Measured Velocity of the Test Aircaft

/ The accuracy of the filtered estimates of the sensor errors depends strongly on the short term stabili-
) ty of the on-board sensors. For the calibrated INS, the short term position error is primarily caused by
the noise in the acceleration measurements. This noise is twice integrated to give the INS position error.
In the Doppler system the short term position error is caused by the fluctuation (velocityz error. This
velocity noise is integrated to give the Doppler position error. (These statements are only valid if all
1 the constant errors in the INS and the Doppler system are perfectly estimated and compensated.)

; Fig. 8.1.2 shows the time variation of these short term position errors for a Doppler and an inertial
' navigaﬂon system; in this example a Doppler fluctuation error of 2 m/s (lo) and an acceleration noise of
10799 (lo) sampled with 5 Hz have been assumed.

- The Doppler position error (random walk) increases rapidly in the first hundred seconds (3 m in 2 s;
; 7 min 10 s).

- The INS position err())r {integrated random walk) remains very small in the first hundred seconds ( lcm
s).

in2s; 8emin o

Fig. 8.1.2 demonstrates that this INS with very noisy acceleration measurements has by far the better
short term stability compared with the Doppler system. If the measurements of the radar, which are used to
aid the on-board sensors are sampled once per 10 seconds, the position error due to the INS can be neglected SN
between the successive measurements. But in the Doppler system a random error of the order of 10 metres
builds up between these measurements, thus basically limiting the obtainable accuracy of the hybrid system.

l 8.2 Filtering Procedures

In this section, conventional (analog) filtering, Kalman filtering and optimal smoothing are discussed,
as examples for the filtering techniques which are in use for flight tests.

i

: i

\1 : ‘ 8.2.1 Conventional (analog) Filtering !
]
1

As examples for this technique, the conventional baro~INS and the conventional Doppler-INS mechaniza-
tions are considered. .

i 8.2.1.1 Conventional Baro-INS

1
The conventional augmentation of the vertical channel of the platform is shown in Fig. 8.2.1. The diffe- i
rence between the hybrid height h and the barometric height is fed back through thc'gngn'chtors. K1 and
Kz, for the correction of the vertical velocity and height. The factors Xj and Kz are chosen so that the con- . i

trol system (second order) shows a reasonable transient behaviour and that the hybrid height €ollows the
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barometric height well. For the test flights, K1 and K were chosen such that Kj = 2/T and K2 = 1/T2 with
T = 30 seconds; that is, the two poles of the control system were identical. As a result of this soft i
coupling, the hybrid height follows long-term alterations of the barometric height, but smoothes out

its short-term fluctuations (see Fig. 8.2.2).
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Fig. 8.1.2 Short Term Position Errors of an INS and a Doppler Radar
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N e et

D

- 1 Fig. 8.2.1 Conventional Barometric Aiding of the Vertical Channel of an INS
U_!_ this process an accelerometer bias Bv produces steady velocity and height errors such as

I sh = 218, .

2
! ah =T Bv.

——xzt

For B, = 10" g, the errors for T = 30 seconds are &h = 1 meter and sh = 0.06 meter per second. The mix-
) ing pFocess has the drawback that the indicated height (baro-inertial height) still has the same Tow fre-
quency errors as the barometric height, especially those dependent upon weather and sensor pesition.

8.2.1.2 Conventional Doppler-INS

The conventidnal Dopgler alding of the INS consists of feeding the differences between the INS veloci-
ties and the Doppler velocities back into the INS to correct the platform attitude and velocity.

-

s
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Fig. 8.2.3 shows the error block diagram of a third-order in-flight gyrocompassing loop, whereby the
DoppTer velocities measured in the body-fixed coordinate frame are resolved into the north and east direc- !
tions by the attitude and heading angles as measured by the INS. This is indicated in the upper right cor-
ner of Fig. 8.2.3. Due to the feedback in the horizontal channels the Schuler oscillations of the autono-
mous INS are damped and the frequency is augmented: the loops are N-times Schuler tuned and often criti-
, cally damped. Analog aiding of this kind has the effect that this hybrid system i

~ has a very accurate non-delayed short term velocity output, but
) ~ follows the low frequency Doppler errors.

. Fig. 8.2.3 also shows that the north velocity difference between INS and Doppler is fed back to the
| vertical gyro torquer to correct the azimuth INS misalignment. This alignment procedure in the vertical
channel becomes feasible since the errors of the INS due to the azimuth misalignment differ in the north-
south channel from those of a dead reckoning system, i.e. the Doppler system (see Seuction 7.3.2 and Eq.
(7.3.18)). In the east-west channel the INS error due to azimuth misalignment equals the Doppler crosstrack
error and feedback of the corresponding velocity difference is of no use.

Eq. (7.3.21) finally reveals that also in the north-south channel the INS error is equal to that of the i
\ dead reckoning System, if it was aligned initially using the stationary gyrocompassing procedure. From ;
' this we may deduce that Eq. (7.3.19c) also limits the in-flight gyrocompassing accuracy under the presump-
tion that the Doppler velocities are measured accurately in the body-fixed coordinate frame. Any azimuth
misalignment of the Doppler antenna, for instance, causes a corresponding INS misalignment.

i v 8.2.2 Kalman Filtering

Kalman filtering is extensively used in integrated navigation systems. The underlaying theory has been
described in many excellent text-books [8.2, 8.3] and also the equations which have to be solved are given
there. In this chapter only the basic principles will be discussed, so that the flight test engineer can
understand how such filters work.

These basic principles are explained using Fig. 8.0.1. At the beginning of this chapter it has been : :
shown that, in hybrid systems, filtering is applied to the differences of the sensor errors. Thus the Kal- :
man filter in Fig. 8.0.1 is operating on the sensor errors only. The heart of the Kalman filter is a mathe-
matical model of these sensor errors, such as those considered in Sections 7.3 and 8.1. With these models, |
starting with rather arbitrary initial values which have to be set by the filter designer. the filter com- |
putes the values for the sensor errors which are to be expected from the next measurement under the assump- “ |

i
|

S S

tion that the initial values are correct. The actually observed sensor errors are of course different from
those which have been forecast by the model. The Kalman filter is now able to correct the values of the
errcrs in the model in such a manner that, with increasing number of measurements taken, the errors in the
model approach more and more to the actual sensor errors. 5o the sensor errors are identified in the model
by the Kalman filter and can be corrected in the process. It has become obvious in looking at the Kalman : !
filter operation that the success of filtering greatly depends on the quality of the mathematical models 2 . :
on which these filters are based. : |

ol Ay i

: 8.2.3 Optimal Smoothing i
1
In hybrid reference’ systems, high precision information on the aircraft trajectory, velocity, attitude 3
and heading can be obtained by smoothing the radar with the help cf an INS or Doppler system. Direct ¥
smoothing of radar data is very common in flight test evaluation, for example by least square curve fitting *
techniques. The disadvantage of direct smoothing is that not only the high frequency errors of the tracking N
! radar but also the high frequency movements of the aircraft are smoothed out. This disadvantage is avoided §
: when the hybrid technique described in this section is used. '
‘ ¥
i ' The smoothing algorithm used for the evaluation of DFVLR flight tests is that given by Rauch/Tung/ £
' : Striebel [8.4], which consists of a Kaiman forward- and a backward-filter, ;
1 L . 8.2.3.1 Forward-Filtering i

The Kalman filter equations are solved for the flight time under consideration. The results are the !

estimates of the sensor errors just as in the case of the usual Kalman filtering. .

8.2.3.2 Backward-Smoothing L

The backward-smoother equations are solved backwards in time, utilizing and improving the error esti- j
mates of the forward-filter. :

The improved accuracy, which is obtained by smoothing the data, in comparison with normal Kalman filter-
ing can be explained with the help of Fig. 8.2.4. This figure shows the optimal smoother in a somewhat
diferent mathematical formulation, the E%—Tﬂfer-fon. In this formulation the optimal estimate of the
state vector at the time t is obtained by combining two Kalman filter estimates in an optimal manner: A
Kaiman forward-filter gives an estimate of the sensor errors at the time t, based on all the measurements
before the time t. This estimate has the accuracy of ordinary Kalman filtering. The second estimate is
obtained from & backward Kalman filter and gives an estimate of the sensor errors ct the time t, based on
all the measurements collected after the time t. The smoothed estimate is the weighted mean of these two
estimates. It can be shown that the smoothed estimate is always at least as accurate as the Kalman filterea
one. In most cases it is considerably more accurate.
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FORWAKD AND BACKWAFD ESTIMATE AT TIME t
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Fig. 8.2.4 Smoothing Algorithm Principle

8.3 Examples of Hybrid Systems

Inertial Navigation Systems are widely used for the flight testing and calibration of navigition equip-
ment (e.g. [B.5], [8.6]). The iwo examples of hybrid systems described in the Sections 8.3.1 and 8.3.2

are used to illustrate the methods and to deronstrate the accuracy potential of these instrumentation systems.

8.3.1 Hybrid Reference System ror the Testing of a Microwave Landing System

The OME-based Landing System (DLS) has been the German candidate in the ICAQ competition for the next
generation landing systems. The DLS has been tested by DFVLR at the Braunschweig airport. Hybrid
measuring techniques have been applied during these tests.

The DLS landing system had to be tested mainly in-flight, when the exact position of the aircraft was
measured by the tracking system, so that the outputs of the DLS on-board sensors could be compared with
this reference flight path. According to a rule of thumb, the accuracy requirements for the tracking system
should be better than the accuracy expected from the OLS system by one order of magnitude, which could be
met only if at least for short ranges the measurements were based on cinetheodolites. They are
the most accurate tracking sensors. The cinetheodolites have one drawback: the data evaluation is cumber-
some. In order to aileviate this problem the DFVLR had decided to pursue the foilowing proposal (s. Fig.

8.3.1). »

Fig. 8.3.1 Hybrid Keasuring System for the Test Aircraft Trajectory
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The ground based sensors

3 cinetheodolites
1 tracking radar

giving intermittent tracking data with high accuracy were supplemented by on-board sensors

1 inertial platform
1 barometric altimeter

giving continuous tracking data. The inertial system is aided in the vertical channel by a barometric
altimeter and has a high short-time but a relatively low long-time accuracy. Thus the characteristics of
ground-based and on-board sensors are complementary Because of the special data evaluation process for the
cinetheodolites (processing of the films, manual evaluation of each picture and storing the information on
punched card), all data can only be combined off-l1ine for reference flight path computation.

The major purpose of the on-board sensors was to "interpolate” between 2 position fixes. For a quasi
continuous reference flight path of 1 point every 1/30 s, one position fix was then required only every
8s.

The data flow in Fig. 8.3.1 is as follows. The time base of the system was a digital counter (frame
counter) on board the aircraft. By means of a P(M telemetry system the following data required for the
computation of the flight path were transmitted to the ground by telemetry:

- frame count,
- 3 accelerations as measured by the inertial platform,
2 velocities as computed by the analog computer of the inertial system,

roll-, pitch- and yaw angle of the aircraft as measured by the platform,
2 Doppler velocities, and
barometric altitude.

The frame counts received on the ground controlled the radar and cinetheodolites measurements. This
guaranteed a high accuracy for the synchronization of all data measured on the ground and on board. The
time between 2 fixes was in general 8.388 s, The radar measurements were stored on punched tape. The
weighted combination of all ground based measurements and mixing with the on-board measurements was done
in a Kalman filter. In carrying out the measurements it was necessary to define a rectangular coordinate
system. The origin of this system was centered in the azimuth antenna of the DLS system (DLS-A Station).

The x-axis was aligned with the runway and pointed nearly east (84, 7820), the y-axis nearly north and i
the z-axis upwards. N

The cinetheodolites are Bodenseewerk KTH 59. Here the tracking is done manually by handwheels and by
means of telescopes. During the DLS trial, the registrations were made synchronously with the radar. The
tracking radar was the Hollandse Signaalapparaten L4/3. This radar follows the target automatically during
the measuring process, and gives the argles of elevation and azimuth of the antenna system and the slant
range to the target. Automatic tracking is achieved by rotation of the radar beam (conical scan). The

)
disunce] to the target is determined by the interval between transmission and reception of every individual
radar pulse.

The test aircraft, a Dornier Do 28, is shown in Fig. 8.3.2 and part of the on-board electronics can be
seen in Fig, 8.3.3: the inertial system (Litton LN3- a CAMAC interface for digitizing the signals.

Not inclu in the figure are the Doppler radar and the barometric altimeter. The inertial system consists
of the inertial platform, the analog computer, the flux valve for coarse aligmment of the platform and the
a}ign]control plus switch-on unit. This unit also contains the preamplifier and analog readout for the
signals.
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Fig. 8.3.3 On-Board Equipment of the DO 28 Test Aircraft

As mentioned above, all on-board signals - the accelerations, velocities, the attitude and heading angles,
the Doppler velocity, the barometric altitude - were digitized in the CAMAC interface and fed to the PCM
telemetry.

The Doppler radar was the General Precision Laboratory ANP-153 (V). Its radio energy is transmitted in-
coherently and as impulses. The antenna is pitch and track stabilized. The barometric altimeter was the
Rosemount Engineering Company,Model 840E.

In general, only three measurements are necessary to determine the position of a target. From the three
cinetheodolites and the tracking radar nine measurements are available and the position of the target is
overdetermined. Therefore the calculation of the various position fixes was achieved by means of an optimum
fitting using the least mean square method. The evaluation program for the computer was set up in such a
way as fo permit working with less than nine data points. For further processing, the coordinates of the
position fixes were stored on magnetic tape. The accuracy of the various points can be expressed by the
error covariance matrix which was determined for each position fix based on the radar specifications
(range-, elevation-, azimuth accuracy). The ground-derived data from the cinetheodolites and the radar
including the covariance matrix describing the accuracy of the information were recorded on magnetic tape.

The data measured on board - 3 components of the accaleration from the INS, 2 components of the velocity
from the INS, 2 components of the velocity from the Doppler radar, barometric altitude - were transmitted
from on-board to ground and stored on magnetic disc. The synchronization of the data on magnetic tape and
on magnetic disc was based on the frame counter setting transmitted from on-board to ground and recorded
un tape and disc as the first word of each data frame.

Based on.the INS velocity outputs the camfutation of the raw flight path was carried out with a frequency
of 5 Hz. By comparing the frame counter setting on the magnetic disc and on the magnetic tape a posi-
tion fix was recognized by the computer, which started the Kalman filter algorithm for estimating the INS
error state vector. The state vector, state transition matrix and covariance matrices before und after the
measurement were temporarily stored .on magnetic disc. When the last position fix had been processed, the
smoothing of the INS errors (using the Rauch-Tung-Strisbel algorithms) backwards in time was started based
gv_c the forward filter state vector, transition matrix and covariance matrices stored temporarily on the

isc.

Since the final smoothed error state vector estimates for correcting the INS flight path were 8 seconds
or sometimes more apart (if no position fix was at hand) while the flight path had to be corrected at a
frequency of 5 Hz, the ervors during the 8 seconds had to be calculatad by interpolation. Then the final
reference flight path could be calculated. An interesting figure for the reference flight path is the self-
diagnosis of the estimation. This lo-band for the reference flight path is simply the square root of the
corresponding value on the main diagonal of the covariance matrix. Since the optimal estimation was not
tied down to fixed time intervals, the reference flight path computation could also be carried out when
the aircraft was out ot the range of the tracking radar and the cinetheodolites. The reference flight path
was then based solely on the INS with position errors growing according to its error dynamics.

The data flow during the final reference flight path computation is illustrated in this flow-diagram:

!
!
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ﬁs Flightpath Correction|

Fig. 8.3.3a Flight Path Computation Diagram

The ground and the on-board data are read from the magnetic tapes. The INS fiight path is computed using the
measured velocity. Every 8 seconds - {f a position fix is available - the INS errors are ustimated with

the help of the forward Kalman filter. After the lest position fix the INS error data are processed in the
bacl;uart:dfilter. Finally the INS flightpath is corrected for tha interpolated INS errors which have been
estimated.

In the following discussion the accuracy of the reference trajectory is described, as achieved in three
typical flight tests by smoothing the tracking radar and cinetheodolites data using the information of the
on-board sensor system. The errors in these cases have been computed with respect to the DLS-coordinates,
azimuth, elevation and slant range. As reference point for the cinetheodolite measurements, a flash lamp
which was mounted between the main lmdin*hegnrs was used. Because of the location the flash light was not
visible on every cinetheodolite picture. measuring accuracy of the cinetheodolites was therefore limited
to 0.3 m for the error analysis.
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Figs. 8.3.4 to 8.3.8 show the accuracy of the reference trajectory (2v) for three typical flights.

Figs. 8.3.4 to 8.3.6: The aircraft was flying at 10.000 ft from 32 wm to 2 me on & redial towsrds the
DLS-A station. ause of insufficient visibility, no cinetheedol {te messuraments were possidie. The refe-
rence trajectory was computed using the tracking redar and INS data. The maximm renge of the rader is
28 mm; therefore beyond 28 nm, only INS was available, which leads to an incressing erver of the trajectory
with increasing distance. This is clearly seen in the plot for the DI erver. This effect is almost mot
visible in the plots for the angular errors, because with incressing x, y, z-ervers the ¢istance to the
OLS stations is also increasing. The mrlnr errors increase wvhen the atrcreft agpresches the IS staticms
due to the following geometric effect: for constant x, {. z-errors, the sagular ervor becomes very great
if the slant range to the DLS stations becomes very smeli.
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Fig. 8.3.4 Accuracy of the Reference System fur the Distince to the Test Aircraft
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Fig. 8.3.6 Accuracy of the Reference System for the Elevation Angle to the Test Aircraft

Fig. 8.3.7: The aircraft was flying at 3000 ft on a radial to the DLS-A station. This flight illustrates
the reference trajectory accuracy when different combinations of the sensors are used: Beyond 9 nw track-
ing radar and INS are available. For a short period of time the radar had lost the target. Between 9 and
5 m, only one cinetheodolite could track the aircraft. At a distance of 1 nm from the DLS-A station - i.e.
close by the DLS-E station - a telemetry break-cown occured, because the aircraft was flying over the tele-
metry station, S0 the synchronization was cut off and no on-board data were available for the evaluation.

Fig. 8.3.8: This figure displays the errors during final approach. In this case all the sensors were in
opcu!ion {3 cinetheodolites, tracking radar and INS). The geometric effects due to a small distance be-

tween the aircraft and the DLS stations are clearly visible.
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Fig. 8.3.8 Accuracy for the Elevation Angle to the Test Aircraft

Fig. 8.3.9 shows the results of measurements which were taken during cunventional centerline apprnches.

In the Tigure the difference between the y-components of the DLS signal and the reference is displayed in
rectangular coordinates. The reference trajectory in this case has been calculated by smoothing the cine-
theodolite data with the INS. The mean value of this difference is very small: 0.42 m. The standard devia-
tion (lg) is also very small, as can be seen in this figure: 0.75 m. The error of the reference system is
certainly not correlated with the DLS error, so that it is correct to assume that the random error of the
reference (lo) is not greater than 0.75 m. But the structure of the difference signal clearly indicates
that the main part of this error is due to the DLS system because the reference trajectory cannot contain
such high frequency errors, The conclusion can be drawn that the integrated reference system can provide
an accuracy of the order of 50 cm, with cinetheodolites measuraments taken every 8 seconds.

The overall results which have been obtained during the DLS testing campaign have shown that the

approach of an integrated measuring system for the flight path using optimal smoothing techniques is both
economic with respect to the evaluation workload and provides very high accuracies.
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Fig. 8.3.9 Difference between the DLS Signal and Reference System Measurement
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8.3.2 Hybrid Reference System for the Flight Testing of a Doppler Mavigation System

The flight testing of Doppler navigation systems is another example of the successful application of a
hybrid measuring system. In general for the evaluation of such flight tests, the atrcraft position, velo-
city and sometimes also attitude and heading have to be known with very high accuracy. A hybrid measuring
system consisting of ground equipment (tracking radars) and on-board sensors (inertial navigation systems,
125) can provide this accuracy. This fact will be illustrated by a few test results presented in this sec-
tion,

For the Doppler navigation system tests the DFVLR test aircraft HFB 320 (Fig. B8.3.10)had beer used. This
aircraft contains advanced on-board instrumentation (Fig. 8.3.11, see also Seceion 9.3

- fly-by-wire system

general purpose on-board computer

- INS

magnetic tape with high storage capacity
quick~look capability

- several attitude reference systems, etc.

t

For the Doppler tests the main on-board instruments used were the Litton LN3 inertial platform, the Sperry
SYP-820 attitude and heading reference system and three different types of Doppler radars (stabilized and
fixed antennas, pulse and (W Dopplers). The measurements of these sensors were recorded on magnetic tape
at high frequency (10 times per second).

Fig. 8.3.11 HFB 320 On-Board Instrumentation
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As a typical example of a flight profile for long range tests, Fig. 8.3,12 shows a flight from Hannover
airport, via Meppen, Norderney and Helgoland back to Hannover. The ?iigﬁf track lies partly within the
range of three tracking radars, at Hannover (L 4/3), Meppen (MPS-36) and Norderney (Fledermaus). Usually
radar measurements are recorded every 10 seconds and stored on magnetic tapes.

la— S0 krn ~—* 50 km

Melgeiand

N\

ca
~ . N

snabrich

|

Norderney®

]

\

S

Fig. 8.3.12 Long Range Test Flight

The time synchronization of the on-board and the ground based sensors is accomplished off-line with the
aid of a time code which is also recorded on the magnetic tapes.

For the Kalman filter and optimal smoothing calculations, the error models for the INS, radar and cine-
thevdolites described in the preceding chapters have been used. The error of a Doppler radar signal has
been illustrated in Fig. 8.1.1. The predominant error is the Doppler fluctuation, which can be observed
clearly in this figure in comparison with the very smooth inertial velocity. Velocity scale factor error
and heading error are also contained in the Doppler navigation system error model.

The reference system for the Doppler navigation system testing is realized in the same way as described
in Section 8.3.1, i.e. by combining off-1ine the measurements of the tracking radars with the inertial
on-hoard measurements. The accuracy of this reference system is illustrated in Figs. 8.3.13 to 8.3.16.

They show the accuracy obtained by forward Kalman filtering and by backward smoothing. The imorovement
introduced by optimal smoothing is clearly visible. When the aircraft flies out of the radar coverage the
errors of velocity and position increase, as it can be observed in Figs. 8.3.13 and 8.3.14. This increase
is much less for the smoother because the “gaps” between two radar Coverages are closed from both sides.
Under tracking radar coverage the roll and pitch angles are measured to 10 arc sec, the heading to 1.5 arc
min, the velocity to 0.03 m/s and the position to 2 - 8 m accuracy (lo) by the hybrid reference system,
consisting of an INS and a tracking radar. Fig. 8.3.15 shows the difference between the reference trajec-
tory (obtained by smoothing th2 tracking radar data Tor the long range flight with the LN3 inertial plat-
form) and the radar measurements (curve 1). The accuracies (lo) of the tracking radars (curve 2) and the
refer?nce trajectory (curve 3) are also shown, This figure demonstrates that the measurements of the three
tracking radars

- L&/3
~ MP5-36
- Fledermaus

have approximately the same error dynamics. This can be explained by the fact that these errors are mainly
caused by the radar fluctuations on the test aircraft HFB 320.

The accuracy that would be obtained if Doppler radar, rather than the INS, were Lsed to smooth the

tracking radar data has also bezn analysed. This is shown with the help of Fig. 8.3.16. This figure gives
a comparison of the position measuring accuracy (smoothed estimates) of the & reference systems
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- INS and tracking radar
- Doppler and tracking radar

for the long range flight shown in Fig. 8.3.12. Fig. 8.3.1€ shows the higher accuracy obtained with the INS
under radar coverage in comparison with the Doppler system. Outside the radar coverage both systems have
similar errors. In long periods between radar coverage the reference system with a Doppler has a higher
accuracy than with an INS (in Fig. 8.3.16 between 4500 and 5500 s), though it should be realised that the
Doppler heading reference system (SYP 820) was initially aligned to north with the aid of the LN3 system.
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Fig. 8.3.13 Velocity Error of the Hybrid System (lo)
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Fig. 8.3.14 Position Error of the Fybrid System (1o)
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Fig. 8.3.15 @ Difference between Reference Trajectory and Radar Measurements
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Fig. 8.3.16 Accuracy of the Smoothed Estimates of two Hybrid Reference Systems
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As examples of the results of flight tests, Figs. B.3.17 and 8.3.18 are shown. Fig. 8.3.17 shows the
difference between the Doppler radar m.asurement and the reference velocity for a flight perfiod of 90 s.
This is a part of the sample function measured in a flight over fiat land. The mean value of this sample
function has been computed over 200 s, which corresponds to a distance flown of 12 nm at 110 m/s. The mean
value of the sample function was 0.067 m/s, which is negliqibly small. The standard deviation of this sam-
ple function is o = 2 m/s, a value which is several orders of magnitude greater than the reference veloci-
ty accuracy, so thet it can be stated that this error is due to the Doppler radar measurement only.

Another sample function has beer taken over water. Fig. 8.3.18 shows the difference between the Doppler
radar measurement and the reference velocity for 90 s TTight time. The same analysis has been carried out

for this sample function showing a mear. error of 2.2 m/s and a standard deviation o = 1.4 m/s. The large
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Fig. 8.3.17 Doppler Radar Error Fine Structure as Measured with the Help. of a Hybrid Reference Sysiem over
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mean error present in the sample function is due to the land/sea calibration shift. The sample functions "
show that the fluctuaticn error over sea has smaller amplitudes thar over land. The statements made so far

refer to the velocity measured in the aircraft's longitudinal axis. Similar results have been obtained for !
the cross-track velocity.

The results which have been obtained in several campaigns of flight testing navigation systems of high
accuracy have shown that hybrid systems can provide reference information about the aircraft attitude,

1
heading, velocity and position with highest accuracy, if advanced software techniques such as optimal ‘
smoothing are combined with advanced instrumentation.

— - —n .
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9. APPLICATION OF GYROSCOPIC INSTRUMENTS TO FLIGHT TESTING OF AIRCRAFT

Flight testing of an aircraft is carried out Vor a number of reasons cuch as:

- New ~r modified aircraft must be certified.

- Research objectives are studied with experimental aircraft.

- The aircraft 1s used as a "flying platform" for the evaluation and calibration ¢f airborne or ground
equipment.

- Research and teaching in a “flying classroom".

The aim of the flight test of a new nr modified aircraft is to demonstrate that the airplane or sub-
systems of it perform in accordance with certain specificatiors or requirements (Mil. Specs., requirements
of national airworthiness authorities, etc.) or to measure the deviation from these specifications. Tests
are yequired for

- Stability and control ("flying qualfities™).
- Aircraft performance,

- Systems (including avionics and navigation).
- Structure (loads and flutter).

The same tests are often accomplished with experimental aircraft to satisfy basic research objectives.
Flight tests can he made in steady state or in non-steady (dynamic) flight conditions. The variety of para-
meters which are involved in flight test‘nn makes the design and integration of the instrumentation system a
rather complex task. A comprehensive analysis ot the principles and problems of the design of flight test
instrumentation is presented in Volume 1 of this AGARDograph [9.1]. The general ideas laid down in Volume 1
are also valid for the gyroscopic instrumentation subhsysvems under consideration. In addition, we have to
consider the special requirements which exist for the applications in dynamic flight testing.

9.1 Requirements for the Gyroscopic Instruments

The application of gyroscopic instruments in aircraft stability. control and performance flight tests
and forushe calibration of airborne and ground systems places a number of requirements on these trans-
ducers 7)., These requirements are expressed in terms of measurement range, frequency response and accuracy.
It has already been discussed in Chapter 1 that the non-steady flight test techniques which are used to
identify aircraft parameters in dynamic flight conditions, together with advanced mathematical evaluation
procedures,have increased these requirements in the last decade.

The kinematic and dynamic quantities which are of interest in these flignht tests and which can be mea-
sured with inertial transducers are:

- the angular rates in aircraft body axes (roll, pitch, yaw)
- the aircraft angles measured with respeci to local level (attitude) and north (heading)
- the linear accelerations, in aircraft body axes and also with respect to local level and north.

From these measured quantities, the aircraft ground speed and position can be computed by dead reckon-
ing (sre Chapter 7). The requirements for the inertial transducers largely depena on the characteristics
of the physical quantities to be measured:

- the frequency spectrum of the signal of interest, which depends on the type of aircraft and mission
flown in the flight test, and
- the frequencies of the noise corrupting this signal.

The noise can be generated within the transducers (e.q, angular or linear vibrations, pickoff noise)
or it can be introduced by the electronics or the digitizing prucess (see Chapters 3 and 4).

In order to illustrate the nhysical structure of the quantities which have to be measured in the flight
tests, we present several sample functions of these quantities obtained during flight tests with the DFVLR
test airplanes (DO 28 and HFB 320; Figures 8.3.2 and 8.3.10). These sample functions exemplify the diffi-
culty of separating the signal of interest from unwanted overlying noise. This separation has to be ac-
complished by appropriate filtering of the sample functions.

9.1.1 sample Functions of the Measuremcnts Obtained with Strapdown Gyros and Accelerometers

Figures 9.1 to 9.3 show sample functions of the angular rates (yaw, pitch and roll) as measu—ed, before
and atter touch down, without any filtering, on shock mounts in the DO 28 airplane by the experimenta)
strapdown system MOSY (s. Section 7.4.4.4). The digital data (angle increments divided by the time incre-
ment) were sampled and have been plotted with a frequency of 50 Hz. One can observe that the high frequency
part of the angular rate (>1 Hz) increases after touch-down during the ground roll.

The angular rates have been integrated in the MOSY strapdown computer to obtain the aircraft angles.
The results are shown in Figures 2.5 %? E,g (the roll, gitch a J heading angles). Onz can observe
that,by the integration process, the high frequency content of the measured signals has been considerably
diminished.

The corresponding 1inear accelerations for the same airplane and the same flight period are shown in

Figures 9.7 to 9.9 in aircraft body axes, measured by strzpdown accelerometers (Litef B 250) and without
any Ti1tering. Rere again, the high frequency part (> 1 Hz) of the accelerations increases after touch-
Jown.

The sample functions of these measurements obtained with strapdown gyros and accelerometers of high ac-
curacy illustrate the difficulty of distinguishing the useful signal (angular velocity, attitude and headinj

x) For the application in structural tests see Chapter 1, for systems testing Chapter 8.
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and acceleration of the airplane) from what is regarded as noise (e.g. aircraft vibrations). This fact is
particularly obvious in the increase of the noise level in the figures 9.1 to 9.3 after touch-down, when
the aircraft is rolling on the grass field. The "noise" in these figures partly corresponds to angular
vibrations of the aircraft, partly to effects in the transducers induced by vibrations or other sources
and finally, to effects in the readout system.

The effect of a simple integration process on the noise level can be ohsearved in comparing the angles
(Figures 9.4 tu 9.6) with the angular rates (Figures 9.1 to 9.3). A similar effect can be seen when the
accelerations (Figures 9.7 to 9.3) are integrated to ovtain the velocities. It should be noted “.re that
the integration process does not reduce the noise to nothing, but builds up a "random walk" stochastic
process, with 3 variance increasing with time (see Section 4.3).

9.1.2 Sample Functions of Measurements Obtained with an Inertial Platform

The sample functions shown in Figures 9.10 and 9.11 have been obtained with the LN3-2A inertial plat-
form system during a laboratory experiment. The platform was coupled with a digital computer via an in-
terface with two 12 bit A/D converters for the accelerations. The navigation equations were programmed

in this computer, and the loop was closad in feeding the computed gyro torquing signals back into the
platform through a 12 bit D/A interface. As a means of obtaining clear effects in this experiment, the
platform was not aligned very accurately (1 to 2 minutes of arc misalignment in th horizontal !xes and

10 to 12 minutes of arc in the azimith) and a north accelerometer bias of the ovder of 10-2 m/s¢ as well

as a vertical gyro drift of 0.5 O/h was not compensated. The INS was installed in the laboratory and no
external accelerations or angular rates applied to it. Thus the accelerometer output is a measure of tie
earth gravity sensed by the accelerometers in accordance with their angular orientation and of the zccele-
ration measuring errors. Fiaure 9.10 shows sample functions of the horizontal accelerations and the com-
puted ground speeds reco uring the first seven minutes (reading interval 0.2 seconds). An interesting
feature is the fine structure of the errors, particularly of the acceleration errors: One can clearly
recognize quantization effects. The accelerometer noise excites “quantum jumps" in the A/D converters at

the level of the last bit. It is also remarkable how quickly the clearly visible bias of the north acce'ero-
meter is integrated into a large speed error (VN)'

[t should be pointed out that the large platform errors introduced to make the effects visible lead to
navigation errors that lie about one order of magnitude ahove the errors of the calibrated LN3-2A system.

In Figure 4.11, the acceleration indicated by the north accelerometer is again plotted with a reading
interval of 14 seconds. Tcgether witn this sample function, the best estimate of the gravity compenent
{-9-€g) acting upon the accelerometer due to its angular orientation is shown. This estimate w.3 obtained
by applying the optimal smoothing technique (Chapter 8) to all the information obtained from the inertial
platform during the experiment. This Figure 9.11 may be considered as a sample function showing the accele-
ration signal together with the noise corrupting this signal.

The physical structure of the output signals of an inertial navigation system in flight is illustrated
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Fig. 9.10 Fine structure of the accelerations measured by

a LN3-2A INS in a labordatory experiment, and the
corresponding velocities
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Fig. 9.11 North acceleration as measured by the LN3-2A INS together with the best estimate of the gravity
component acting upon the accelerometer
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Fig. 9.12 Horizontal accelerations measured by a LN3-2A INS during a test flight
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Fig. 9.13 Velocities measured by a LN3-2A INS during a test flight
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Fig. 9.14 The platform angles measured during a 6-min-interval of a flight test

by the Figures 9.12 to 9.14. These figures have been obtained in flight with the DFVLR HFB 320 test airplane

using the - 3. Figure 9.12 shows the north and east accelerations measured during a typical test
flight of two hours duration. Figure 9.13 shows the corresponding velocities. (The vertical velocity was
measured with a baro-inertial loop). The platform anglies are plotted for a different flight in the Figure
9,14 for a flight period of 6 minutes.

9.1.3 General Conclusions on the Requirements for the Gyrocopic Transducers

The sample functions of measurements of aircraft angular rates, attitude and heading and linear accelera-

tions, which have been presented in the preceding sections, demonstrate that these physical quantities are
highly dynamic functions of time. In addition, they are corrupted with overlying noise induced bv atrcraft
vibrations or by the measuring process itself. Several general requirements for the design ot the instru-
mentation with respect to measurement range, dynamic response and accuracy can be formulated,

The measuring range of the gyroscopic transducers should be as small as allowable, in order to maximize
the output signal Tevel and consequently the resolution of the measurement. The allowable range is deter-
mined by the input signals which are expected from the aircraft motion and from the vibration level. Thus
the range of the measurement depends on the type of aircraft used for the flight test and its manoeuvera-
bility. For {aw attitude (heading) a range of 360° is required. Roll and pitch attitude may be + 180° and
+ 900 respactively for fighter aircraft and + 450 for transport aircraft. For fighter aircraft pitch and
yaw rates up to + 100 9/5 and roll rates up To several hundreds of °/s have to be measured.

The frequency spectrum of the physical quantities to be measured (angles and angular rates) or to be
computed iangle and rate dependent parameters) has to be studied in advance of the measurement. In general,
gyroscopic instrumentation has sufficiently rapid response for the medium frequency range of up to 10 Hz,
and also for the somewhat greater bandwidth of fighter aircraft of up to 20 Hz (see Sections 3.3 and 3.4).
Mot only the gyroscopic sensor but also the signal conditioning, the recording system and synchronization
techniques employed have to be chosen with sufficiently high response frequencies in order to obtain an
adequate measurement of the physical quantity of interest. In digital systems the rules for sampling sig-
nals must also be satisfied (see Section 4.4‘. Special attention has to be given to the problem of separa-
tion of the signal of interest from the overlying stochastic errors (see Sections 4.3 and 8.2).

The accuracy requirements span a wide range. Gyroscopic instruments of low or medium accuracy are nor-
mally required for aircraft flight tests under steady flight conditions (0.19 for the angles; 1 % of full
scale for the angular rates). For performance testing and system vdentification under dynamic flight con-
ditions gyroscopic equipment of inertial quality is necessary {a few arc minutes for the angles; 0.1 to
0.01% of full scale for the angular rates). These accuracies have to be achieved under severe conditions:
heavy g-loads in manoeuvers, 1inear and angular vibrations and shocks, electromagnetic interference,
temperature effects, electrical system noise, etc.

9.2 Conventional Instrumentation Systems

In the following secticns we shall describe t{picﬂ sets of inertial sensors which are in use as part of

the overall instrumentation systems for the flight testing of aircraft.

A typical conventional instrumentation system as used for stability and contr. * flight testing of air-
craft contains the following set of inertial transducers:
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3 Accelerometers Section 3.6
1 Vertical gyro Section 6.1

1 Dircctional gyro (Section 6.2

3 Rate gyros Section 3.3).

In addition to these inertial sensors, transducers are required for the angles of attack and sidesiip,

for air pressure and temperature, for the position of the aerodynamic surfaces, for engine parameters and
strain gages for load measuremenis, etc.

The package of inertial transducers measures:

- the linear accelerations in the aircraft body axes
- the aircraft attitude and heading with respect to local level and north
- the angular rates in the aircraft body axes.

For performance tests earth-referenced measurements are often taken in addition to the on-board measure-
ments, using tracking radars or cinetheodolites, to reconstruct the aircraft flight path in dynamic

manoeuvers with high precision. With this set of on-board and ground instrumentation, the aircraft dynamic
state vector:

- the position of che center of gravity
- the velocity of the center of gravity
- the aircraft attitude and heading

with respect {0 an earth-referenced coordinate system and

- the linear aircraft accelerations
- the aircraft angular rates

in aircraft body axes, can be measured with the accuracy provided by the sensors used. This. accuracy is
determined by carrying out an error analysis for the inertial sensor package using the error models deve-
loped in the Sections 6.1 (for the vertical gyro; and 6.2 (for the directional gyro) and in Section 3.2
#for mechanical gyros). The specific data for the sensors are specified by the producer of this equipment.
'ypical accuracy figures for the conventional type of instrumentation are:

Measurement Accuracy
Acceleration 1073 9

Attitude 0.5°

Heading 1°

Angular rate 1 ¥ of full scale

9.3 Instrummntation Systems Using an Inertial Platform

wore as basic sensors of the instrumentation system [9.2]. There are several factors which favor the use
of an inertial platform system for flight tesiing - Tn particular their high accuracy (see Chapter 7).
These systems have alse become cheaper and more reliuble during the two decades of their application to
military and civilian navigation, are insensitive to accelerations - in contrast to the vertical
g,]y:o - and thus more sui for dynsmic flight testing. The aircraft and their avionics systems to be

M

For performance flight tcsting ad in umrimnut aircraft inertial platform systems are used more and
S

ht-tested have becume mors «nd more complex, and the accuracy required for their testing can only be

eved with instrumentation systems employing an inertial platform system. Finally a reference system
for the aircraft attitude, heading, velocity and position requiritg extreme accuracies is always centered
around an INS, which is aided by external measurements (see Section 7.1 and Chapter 8).

A typical instrumentation system of this kind contains at present the inertial platform and three rate
gyros. (The computation of the angular rates from the platform angles may not be sufficiently accurate be-
cause of the limited angle read-out accunx. oven if sophisticated mathematics 1ike curve fitting is
employed.) The msasurement output 1ist of this instrumentation system will contain the following parameters
(air data must be provided by an air data computer):

Parameter Typical Accuracy

Baro-inertial altitude depending on air data accuracy
True atrspeed depending on air data accuracy

Ground spexd 3 ws

Latitude 1 nm per hour of flight time
Lo:ai 1 nm per hour of flight time
Wind direction depending on air data accuracy
Wind speed dqgnding on air data accuracy
Treck angle 0.

Drift angle 0.59

North velocity 1w/s

East velocity 1 w/s

Yertical velocity 1 ws
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4
Parameter Typical Accuracy (continued)

North acceleration 1073 g ‘
’ East acceleration 103 g |
: Vertical acceleration 1073 q
3= True heading 20 arc min ‘
N Pitch 6 arc min |

Roll 6 arc min )
i Yaw rate 0.1 ¥ of full scale t
i Pitch rate 0.1 % of full scale
| Roll rate 0.1 % of full scale ‘
i

-,

If the platform is not located at the aircraft center of gravity, these data must be corrected for
accelerations and velocities induced by aircraft rotations around its center of gravity. The caiculation
of the flight path can then be performed. Using additional air speed measurements, the angles of attack
and sideslip can be calculates. With these data, aerodynamic and performance data can b2 computed and con-
verted from an earth-referenced coordinate system to the aircraft bodv axes - using the platform angles -
and to flight path axes - using the angles of attack, sideslip and the flight path angle.

The use of redundant information from other sources (e.g. Doppler Radar, VOR/DME, DME/DME, etc.) in
combination with the INS, using the hybrid techniques described in Chapter § or just mere update methods,
can considerably improve the accuracies in the above table. Examples of such applications in aircraft flight
tests are [?7] and [9.8]. In [9.7% the INS is aided using VOR/DME and barometric altitude measurements; in
[9.8], the INS-updates are obtained from points of standstill of the aircraft on the ground and from
knowledge of the runway profile during the ground run of the aircra’t.

9.4 Examples of Modern Instrumentation Systems

In this Section three examples of modern instrumentation systems are discussed. These systems employ
an inertial platform system together with rate gyros, body-mounted accelerometers and air data sensors to
obtain performance and aerodynamic data in dynamic flight tests. The application of these instrumentation
systems involves the two main factors which have influenced the design of flight test instrumentation during
the last decades: Dynamic manoeuvers are flown, and complex mathematical tools are employed to extract

aircraft parameters - unobservable in steady-state flights - from the measured data. So the requirements
for the gyroscopic sensors are very stringent.

9.4.1 DyMoTech Instrumentation System

DyMoTech (Dynamic Modeling Technology) is a program [9.3] which was undertaken by the US Air Force at
the Air Force Flight Test Center [AFFTC) at Edwards Air Force Base. The objective of DyMoTech is to develop
dynamic flight test techniques and the necessary modeling techniques for the identification of the perfor-
mance characteristics of aircraft. The test aircraft is the F-4C.

The locations of the transducers used in the DyMoTech in:trumentation system are shown in the

Figure
9.15a. Figure 9.15b shows a block diagram of this system. Several sensor packages are mounted on fge
airplane.

1. The Noseboom Instrumentation Unit (NBIU), with Sundstrand Q-flex accelerometers, which comprise the
flight path accelerometer (FPA).

2. An air data system with 20 bit Garrett digital quartz pressure transducers.

3. Two sets of body-mounted accelerometers mounted in the nose and tail sections of the fuselage to
determine body bending as well as longitudinal acceleration at the center of gravity.

. An LTN-51 inertial navigation system with the usual output of position, velocity and angles. The plat-

form was modified to obtain acceleration and gimbal angles directly. The vertical channel is aided by
pressure altitude (see Chapter 8).

oy

. A high accuracy three-axis rate gyro psckage to measure the angular rates. An angular acceleromeier for
pitch acceleration.

6. Engine instrumentation and sensors for the aerodynamic control surface movements.

The azceleruseter outputs are sampled at sixty samples per second as are the angles of attack and side-
slip, the rate gyros and the angular accelerometer. The aerodynamic surface positions are sampled at thirty
samples per second and the engine parameters at five samples per second. The INS data are also output at

five samples per second. For highly dynamic maneuvers the INS accelerations, velocities and angles might
be required at & higher rate.

The DyMoTech program was started in 1974 and the F-4C test aircraft was instrumented in 1978. The in-
strumentation is obviously redundant, so that different methods for extracting the flight path acceleration
simuitaneously from separate measyrement systems can be compared in flight. The instrumentation has the
required high accuracy to obtain the aircraft performance data from dynamic flight maneuvers.

vannmmmi———e L
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Figure 9.15a: DyMoTech Instrumentation System
Rack mounted instrumentation includes:
o INS (LTN~51)
o Rate gyro package
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Fig. 9.15b Block diagram of the DyMoTech Instrumentation System
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9.4.2 Instrumentation for Dynamic Testing at the National Aerospace Laboratory (NLR)

A different system for dynamic testing has been developed and flight-tested by the Delft University of
Technology and the National Aerospace Laboratory (NLR) in the Netherlands [9.4]. This equipment has been
flight-tested and improved in different airplanes since 1967 (DHC-2 Beaver, Hawker Hunter MK VII and Fokker
F28 Fellowship). The purpose of these flight tests was to study the influence of

- the aircraft input signal (dynamic maneuvers),
- the instrumentation system, and
- the data ana‘ysis technique

on the accuracy of the aircraft parameter determination from a single dynamic maneuver [9.5] and [9.6].

As an example of this measuring technology, the instrumentation system deveioped by the NLR for the Fokker
F28 Fellowship will be considered. This instrumentation system is shown in Figure 9.16a. Figure 9.16b shows
a block diagram of this system. It consists of

1 Inertial Mcasurement and Conditioning System (IMAC)
1 Air Data Measurement System (DRUM)
4 Flight Data Acquisition Units gFDAU) to measure engine parameters, control surface deflections, etc.)
1 Litton LTN-58 Inertial Sensor System iISS)
1 Avionics Data Acquisition System (CADAS)
and a tape recorder for data storage.

Fig. S.16a NLR Instrumentation System for the F28 Aircraft

The IMAC contains three accelerometers (SAGEM 10625 A) and thres rate gyroscope; (Honeywell DGGB787) in
a temperature controlled cnvironment. The aligrment accuracy of the sensor axes with respect to the air-
craft axes is in the order of 0.01 degrees. The IMAC is mountod near the center of gravity of the airplane
in o~der to eliminate the effect of elastic deformation of the aircraft on the measurement. The output sig-
nals are synchronized to within 1 ms. The six output channels are sampled 1t a rate of 64 samples per sec-
ond, and converted from analoc to digital using 15 bit A/D converters. Static accuracies of 10-* g and
10-3 degrees/second are reached with these sensors. The measurement range is + 10 degrees/second and
+2.59.

,
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Fiy. 9.16b Block Diagram of the NLR Instrumentation System

The DRUM system contains pressure transducers for static pressure, for impact pressure and for change
of static pressure since the start of the maiesuver (static pressure minus pressure in a flask closed at
that moment). The static accuracies are 50, 10 and I Pa, respectively. Static pressure is obtained from a
trailing cone with a time constant of 1 to 2 seconds, which can be estimated with an accuracy of about 5 %.

Data from IMAC and DRUM are processed in a Kalman filter/smoother, which provides an accurate estimate
of the state vector during the maneuver: three air velocity components, three attitude angles und altitude.
The Kalman filter assumes that the wind speed and direction are constant during the maneuver. This assump-

tion can be checked later by a comparison of the calculated air velocities with the ground velocities
measured by the LTN-58.

From the state vector the angles of attack and sideslip can be calculated with an accuracy of 0.05 de-
grees. Further calculations can provide 1ift and drag coefficients and stability derivatives.

9.4.3 Integrated Instrumentation System Used at DFVLR

The OFVLR is operating the twin-jet HF8 320 (see Figure 8.3.10) at Braunschwe.g as an_experimental air-
craft for research projects in the fields of guidance and control and fli?ht mechanics. This aircraft has
a digital electrohydraulic control system (fly-by-wire systew) and a complex f1ight contro) unit for fully
automatic control of the aircraft movements. The aircraft is used for flight tests of

digital integrated flight contro) systems

integrated navigation systems

new operational procedures (steep approaches, 4D-command control, flight procedures with an MLS, etc.)
impioved handling qualities through digital control (direct 1ift cantrol)

methods for aircraft state and parameter identification in dynami. i’ ‘jht conditions.

PO N T B |

The aircraft is equipped with an instrumentation system ,Figures 8.3.11 and 9.17a) containing the
inertial transducers
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The inertial transducers provide the following outputs:

angular rates

accelerations in the body axes

attitude and heading from Y5 and DG and INS

accelerations in earth-referenced axes from the INS (east, north, vertical)
ground speed comoponents

position d. 'a (longitude and latitude).

The accuracies of these measurements are shown in the following table:

Parameter Accuracy

Angular rates 0.5 - 0.2 % of ful! scale

Body acceleration 0.2 % of full scale

Attitude (VG) 0.5° unaccelerated flight

Heading [°G) 0.25 - 0.5° (free or slaved to compass)
attitude 0.1°
heading 0.3°

INS  azceleration better than 0.1 X or full scale
velocity 3 m/s (unaided)
position 2 nm (unaiaded)

The (analeg) navigation computations of the LN3-2A platform have been replaced by a digital algorithm
in the on-buard computer, including the capability of aiding the INS by external (radic) sensors, like
VOR/DME, multiple DME or Doppl2r radar. In this aided mode the data provided by the platforw are improved
(see Chapier 8§ corresponding to the accuracy of the external sensors.

9.5 Future Trends

The introduction of Control Configured Vehicle (CCV) techmology in military and civilian aircraft wil®
intensify the tendency to more sophisticated integrated instrumentation systems. Future airc,aft will con-
tain complex digitsl guidance and contre! and avicnics systeme, the flight testing of which will increace
ihe requirements for accuracy and dynami~ performance of the transducers to be used. Flight testing of
these aircraft under dynamic conditions and the application of advanced mathematical methods to obtain the
atrcraft | -ametcrs ar their derivatives with hiya precision and for a minimum of flight test time will
promote the int' >duction of inertial navigation systems (platform and especially strapdown systems) as
fligh* test instrumen’s

kyen the strapdown systems (Section 7.4.4) have reached the same state of maturity as the platform
systems of today they will become the ideal inurtial instrumen.ation system for flight test use. These
systems provide the comple.e set uf inertia! informatinn which is of interest to the flight test engineer

- the angular rates,

- the sircraft angles,

- the linear accelerations.

- the ground velocities, anu

© tae aireraft positio. (. he flight path).

T3+ data are wel: s,nchronized and of high accuracy, and contain frequencies up to 5 or 10 Hz (see
Table 7.7.1b). Tar flutter measurements in the ve -y high frequency range, linear and angular accelerometers
and rate gyros w11l still be used.

For very high required accuracies in the low frequency range the strapdown systems can be velocity or
position aided (see Chapter 8) by means of external sensors, like Doppicr radars, radio navigation systems,
tracking racars, etc. In these hybrid systems, the complete set of inertial information is improved with
respect to accuracy.

With the introduction of laser gyros fur the new generation of transport aircraft (A310, B767), these
sensors will also become mature for applications i flight testing. The laser gyros tend to eliminate the
disadvantage of mechanical gyros - their sensitivity to vibrations. Strapdown systems (&ttitude and heading
veference s);tems and navigation systems) with laser gyros will then find their application in the flight
testing of aircraft.
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